Les tourbières ombrotrophes en tant qu'archives de la variabilité des apports de poussières atmosphériques holocènes au Québec boréal : implications paléoenvironnementales et paléoclimatiques by Pratte, Steve
UNIVERSITÉ DU QUÉBEC À MONTRÉAL 
LES TOURBIÈRES OMBROTROPHES ENTANT QU'ARCHIVES DE LA 
VARIABILITÉ DES APPORTS DE POUSSIÈRES ATMOSPHÉRIQUES 
HOLOCÈNES AU QUÉBEC BORÉAL- IMPLICATIONS 
P ALÉOENVIRONNEMENT ALES ET P ALÉOCLIMATIQUES. 
THÈSE 
PRÉSENTÉE 
COMME EXIGENCE PARTIELLE 
DU DOCTORAT EN SCIENCES DE LA TERRE ET DE L'ATMOSPHÈRE 
PAR 
STEVE PRA TTE 
JUILLET 2016 
UNIVERSITÉ DU QUÉBEC À MONTRÉAL 
Service des bibl iothèques 
Avertissement 
La diffusion de cette thèse se fait dans le respect des droits de son auteur, qui a signé le 
formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles 
supérieurs (SDU-522 - Rév.0?-2011 ). Cette autorisation stipule que «conformément à 
l'article 11 du Règlement no 8 des études de cycles supérieurs , [l 'auteur] concède à 
l'Université du Québec à Montréal une licence non exclusive d'utilisation et de 
publication de la totalité ou d'une partie importante de [son] travail de recherche pour 
des fins pédagogiques et non commerciales. Plus précisément, [l 'auteur] autorise 
l'Université du Québec à Montréal à reproduire , diffuser, prêter, distribuer ou vendre des 
copies de [son] travail de recherche à des fins non commerciales sur quelque support 
que ce soit, y compris l'Internet. Cette licence et cette autorisation n'entraînent pas une 
renonciation de [la] part [de l'auteur] à [ses] droits moraux ni à [ses] droits de propriété 
intellectuelle . Sauf entente contraire , [l 'auteur] conserve la liberté de diffuser et de 
commercialiser ou non ce travail dont [il] possède un exemplaire. " 
REMERCIEMENTS 
Je tiens tout d 'abord à remercier mes directems de thèse Michelle Garneau et François 
De Vleeschouwer pour leur confiance dans ce projet. Votre di sponibilité, votre passion 
et votre soutien continu au coms de cette thèse sont extrêmement appréciés. Ce fut un 
privilège de vous côtoyer et de bénificier de votre expertise. Je vous remercie de 
m'avoir poussé à commuruquer dans différents congrès et rencontres, malgré mes 
réserves. Merci d'avoir cru en moi , surtout quand je doutais. Michelle, merci de 
constamment t'enquérir du bien-être de tes étudiants, ta générosité est sans limite. 
Merci François de m' avoir fait voir la valeur du « networking »et de partager ta passion 
pom la bonne bouffe et le bon vin. 
Ma thèse s'étant déroulée en cotutelle avec l' Institut National Polytechnique de 
Toulouse, il y a de nombreuses personnes que j'aimerais remercier des deux côté de 
l'Atlantique. 
Tout d' abord du côté québécois, j ' aimerais souligner le soutien moral , logistique et 
intellectuel du groupe Les Tourbeux en particulier Simon van Bell en, Gabriel Magnan, 
Antoine Thibault, Hans Asnong, Alexandre Lamarre et Nicole Sanderson. Je tiens à 
souligner l'excellent travail des assistants de laboratoire ayant contribué à ce projet 
Julien Baudet-Lancup et Joannie Beaulne. Je suis aussi très reconnaissant envers les 
chercheurs André Poirier et Bassam Ghaleb. Je vous remercie pom tous vos conseils, 
pour avoir répondu à mes questions et pour votre aide dans le labo et au spectro. Je 
tiens aussi à remercier Julien Gogot pour son ass itance technique. 
Du côté toulousain, je tiens tout particulièrement à remercier Gaël Le Roux et Heleen 
Vmmeste. Vos précieux conseils m 'ont probablement permis d 'écourter cette thèse de 
quelques mois. Gaël, un gros arigato supplémentaire pour m'avoir inclus dans le projet 
111 
J-Peat, ce qui m'a permis de vivre une expérience de terrain extraordinaire au Japon et 
de pmiiciper à la conférence de l 'INQUA à Nagoya. J'aimerais aussi saluer le travail 
exceptionnel que font Marie-Josée Tavella et Virginie Payre-Suc, sans qui Ecolab ne 
fonctionnerait probablement pas au quart de sa capacité actuelle. Je tiens aussi à 
remercier Adrien Claustre, Amélie Lanzanova, David Baqué pour leur aide avec les 
m1alyses en spectrométrie de masse. 
Je remercie aussi Alu1ick Corrège (Ecolab) et Nicole Turcot (GEOTOP) pour m'avoir 
aidé avec les nombreuses tâches administratives. La cotutelle est un cauchemar 
administratif et cela aurait probablement été encore plus pénible sans votre aide. La 
complexité, le manque d' informations claires et le manque de communication entre les 
différentes instances est extrêmement frustrant. La thèse en elle-même constitue déjà 
un processus suffisamment complexe sans que l'addition de procédures admistratives 
interminables ajoute un stress supplémentaire. 
Je voudrais remercier Adrien, Antoine, Juliette et Luiz pour m'avoir hébergé lorsque 
j 'étais sans toit. Je tiens également à remercier Aime pour son accueil et sa gentillesse. 
Je vous serai toujours reconnaissant à toi et François sans qui mon séjour à Toulouse 
aurait été beaucoup moins agréable. 
Finalement mon parcours menant à ce doctorat n'aurait pas été le même sans le soutien 
de ma fami lle. Tout d' abord ma mère, Nicole, qui bien que plus présente de corps l' a 
toujours été d'esprit et aurait été la première à me pousser dans ce projet. À mon père 
Clu·istian, ma sœur Sm1dra et mon frère Simon merci pour votre soutien, pour avoir 
supporté ma présence inconstante, mais surtout pour me ramener à la « vie normale » 
quand ille fallait. 
Cette thèse a été possible grâce au soutien financier du Fond de recherche du Québec 
- natme et technologie (FRQNT, dossier 176250), du Conseil national de recherche en 
sciences naturelles et en génie du Canada (Subvention à la découverte de Michelle 
lV 
Garneau, CRSNG-SD 250287), du Programme de mobilité Frontenac (Ministère des 
relations internationales/Consulat Général de France à Québec, dossier 180723), du 
Progranm1e de formation scientifique dans le Nord de la Commission des affaires 
polaires (PFSN), ainsi que du Programme de soutien à la mobilité de l' Institut National 
Polytechnique de Toulouse par le biais de bourses pers01melles ou de subventions à 
mes directeurs de thèse. 
L__-------------------------~~ ----- -------
AVANT PROPOS 
Cette thèse est composée de trois articles, rédigés en anglais, formant chacun un 
chapitre. Le reste de la thèse est rédigé en français selon les exigences de l'Université 
du Québec à Montréal. Le premier article, qui s'intitule « Late Holocene atmospheric 
dust deposition in eastern Canada (St. Lawrence North Shore) » a été accepté pour 
publication à la revue The Holocene, une revue à comité de lecture. Ma directrice de 
thèse, Michelle Garneau, est deuxième auteure alors que mon directeur, François De 
Vleeschouwer est troisième auteur. Le deuxième article a été soumis à Journal of 
Quaternary Science (JQS-16-00 15), une autre revue à comité de lecture et a pour titre 
« Geochemical characterization (REE, Nd and Pb isotopes) of atmospheric mineral 
dust deposited in two maritime peat bogs from the St. Lawrence North Shore (eastern 
· Canada) ». Pour cet article, mon directeur François De Vleeschouwer est le deuxième 
auteur, alors que ma directrice est troisième auteur. Le troisième article, « Increased 
atmospheric dust deposition dming late Holocene climate instabilities in a boreal bog 
from north-eastern Canada. », sera soumis prochainement à la revue Climate of the 
Fast. Cet article a également été rédigé avec mes directeurs Michelle Garneau et 
François De Vleeschouwer. Chaque article a été conservé dans son intégralité afin de 
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des résultats ainsi que la rédaction. Finalement, une conclusion générale rédigée en 
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RÉSUMÉ 
Les poussières atmosphériques jouent un rôle complexe dans le système climatique 
global étant à la fois un facteur affectant le climat et variant en fonction de ce dernier. 
Notre compréhension des différentes interactions entre les poussières atmosphériques 
et le climat est limitée par l' importante variabilité spatiale et temporelle des celles-ci. 
À l' aide de tourbières ombrotrophes, la variabilité spatiale et temporelle des dépôts de 
poussières atmosphériques holocènes au Québec boréal fut caractérisée en lien avec les 
fluctuations climatiques . Les flux de poussières atmosphériques furent reconstruits à 
l'aide des concentrations entenes rares. Les isotopes du Nd et Pb en combinaison avec 
les terres rares ont été utilisés afin de déterminer la source des pruiicules déposées dans 
les tourbières. Afin d'évaluer les liens entre les flux de poussières et la variabilité 
climatique, les changements temporels dans les flux de poussières et"les isotopes du 
Nd furent comparés à la taille des particules déposées et des reconstitutions 
écohydrologiques basées sur l'analyse des macrorestes végétaux et des thécamoebiens. 
Dans les deux premiers volets de l'étude, les flux de poussières atmosphériques furent 
reconstruits dans deux tourbières de la région de la Côte-Nord du Québec alors que les 
particules déposées dru1s celles-ci furent caractérisées à l'aide des concentrations des 
terres rares (REE), des isotopes du néodyme et du plomb ainsi que la granulométrie. 
Les deux profils présentent des valeurs de c:Nd similaires, ce qui s'explique soit par une 
source commune des poussières atmosphériques ou encore des sources distinctes, mais 
possédant des signatures en c:Nd similaires. Les deux sites étudiés montrent des 
tendru1ces différentes dans les flux de poussières. La tourbière IDH montre peu de 
variations dans les flux de poussières, ce qui s'explique en partie par les conditions 
locales du site d 'étude (frru1ge forestière, altitude), qui ont limité les apports de 
poussières atmosphériques. La tourbière Baie, quant à elle, montre deux périodes de 
flux de poussières plus élevés soit 1700-1000 et 650-100 cal a BP correspondant à des 
périodes documentées de refroidissement du climat. Les REE, le c:Nd et la taille des 
pru·ticules suggèrent qu ' au cours des 2000 dernières années, la tourbière de Baie a reçu 
une proportion accrue de poussières atmosphériques provenant de somces locales. Ces 
deux périodes ont été identifi ées comme étant des épisodes d' instabilité climatique en 
réponse à une plus grande variabilité des conditions de températures et d' humidité 
atmosphérique (principalement contrôlée par l'activité solaire). Un changement du 
régime des vents dans la région a aussi probablement influencé les variations 
observées. 
Dru1s le troisième chapitTe, les mêmes analyses furent réalisées sur une cru·otte de tourbe 
prélevée dans une tourbière de la région de la Baie de James, La Grande 2 (LG2). Des 
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apports accrus de poussières furent observés lors de différentes périodes: 4000 à 3000, 
2600 à 2000, 1600 à 1000, 800 à 650 cal a BP et de 1960 à 1990AD. Au moins trois 
sources distinctes ont contribué aux apports de poussières dans le temps: le sédiment 
marin à la base de la tourbière, ainsi que la moraine de Sakami, deux sources locales, 
de même qu'une somce probablement plus régionale dont l' origine n'a pas été 
identifiée. La période allant de 7000 à 4100 cal a BP montre des valeurs près des 
sources locales (eNd : -36 à -29). Une augmentation graduelle des valeurs de eNd à 
partir de 4100 cal a BP suggère une diminution des apports locaux de poussières à la 
faveur d'une source qui n' a pas pu être identifiée. 
Dans l' ensemble, la présence de pics de poussières dans deux des trois sites d' étude 
lors de périodes froides suggère que les flux de poussières seraient un indicateur de 
conditions froides et sèches au Québec boréal. Ces conditions froides et sèches sont 
généralement liées à l' intrusion de masses d ' air arctique au nord-est du Canada. La 
présence de certains de ces pics de poussières lors de minima solaires suggère que la 
variabilité solaireaurait influencé la variabilité climatique. Le fait que les sites de LG2 
et Baie montrent des tendances similaires au cours des 2000 dernières années suggère 
que les deux régions étaient contrôlées par les mêmes processus climatiques. 
Mots clés : poussières atmosphériques, terres rares, isotopes du Nd, paléoclimat, 
tourbières ombrotrophes, Holocène, Québec, forêt boréale 
ABSTRACT 
Mineral dust plays an important role in the global climate system having effects on the 
radiation budget and the chemical composition of the atmosphere. Our understanding 
of the exact role of dustin the Earth' s elima te system is still poorly constrained most! y 
due to a lack of data reflecting the lùgh spatial and temporal variabili ty of dust. Using 
peat bogs, spatial and temporal variability of Holocene dust deposition in boreal 
Quebec was investigated in relation to climate fluctuations. Dust fluxes were 
reconstructed using rare earth elements (REE) concentrations in bulk peat, while Nd 
and Pb isotopes in combination with REE were used to identify the source of dust 
particles deposited into these bogs. In order to evaluate the relationship between dust 
fluxes and climate variability, temporal changes in dust flux, and Nd isotopes were 
compared to dust grain size and ecohydrological reconstructions derived from testate 
amoebae and plant macrofossils. 
In two peat bogs from the North Shore region of the St. Lawrence Estuary (Baie bog) 
and Gulf (IDH bog), atmospheric dust fluxes were reconstructed using REE 
concentration whi le the geochemical composition of deposited dust was characterized 
using Nd and Pb isotopes combined with REE and gr·ain size. Both peat bogs present 
similar ENd values, wlùch suggests either a common source or sources with sinùlar 
signatures in both regions. In terms of dust flux, the two study sites display distinct 
tendencies. IDH bog show few variations in dust flux, which can be explained by its 
geographica l setting, where a tree fringe and higher altitude likely partially prevent dust 
from reaching the peat bog. Two dust events were recorded in the Baie bog from 1750 
to 1000 cal BP and 600 to 100 cal BP and correspond to documented cold periods. 
These two periods have been found to occur at the same time as periods of high 
variability in the macrofossil record (i.e. successive layers dominated by Sphagnum or 
Ericaceae). REE elements, ENd and grain-size distribution suggest that, over the last 
2000 years, the Baie bog received more local dust. The two periods were identified as 
periods of increased local storminess in response to regional hydroclimatic instability 
and temperature variations mainly controlled by solar activity. These episodes of 
climatic instability could also have been caused by changes in the wind regime. 
The same set of analyses were performed in a third peatland located in the James Bay 
region, the La Grande 2 bog (LG2). Increases in dust flux were reconstructed from 
4000-3000, 2600-2000, 1600-1000, 800-650 cal BP and from 1960-1990AD. The ENd 
values show a large vaTiability from -37 to -12, identifying a !east three sources: local 
marine sediment, the Sakami moraine and another unidentified source likely from a 
more regional origin. Between 7000 and 4100 cal BP, ENd values resemble those local 
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sources ( -36 to -29). A graduai increase in ENd signature is observed from 4100 to 1500 
cal BP suggesting a decreasing influence of local sources in favor of a yet unidentified 
source. 
The occurrence of increased dust deposition during cold periods in two of the three 
studied bogs suggests that dust fluxes can be used as an indicator of cold and dry 
climatic conditions in boreal Quebec. In north-eastern Canada, these cold and dry 
conditions are usually the results of the intrusion of Arctic air masses. The exact 
mechanism controlling these incursion is yet unknown, but the similar timing of solar 
minima and dust peaks suggest that solar irradiance may also have played a role. The 
fact that both Baie and LG2 sites display similar tendencies during the last 2000 years 
reveals that both regions were likely controlled by the same climatic processes. 
Key words: atmospheric dust, REE, Nd isotopes, paleoclimate, peat bogs, Holocene, 
Quebec, boreal forest 
INTRODUCTION 
1. Contexte 
Les poussières atmosphériques constituent une composante clé de 1 'atmosphère et 
représentent une source importante de matière particulaire. Les poussières minérales 
constituent l'aérosol le plus abondant comptant pour 40% des émissions globales 
d'aérosols troposphériques (GIEC, 2013). Les poussières atmosphériques minérales 
peuvent être de sources naturelles et provenir de l' érosion des roches et des sédiments, 
du volcanisme, des feux, des aérosols marins de même que des particules 
cosmogeniques. Les poussières atmosphériques peuvent également être d'origine 
anthropique et tirer leurs sources entre autres des émissions véhiculaires, des activités 
minières, des pesticides et du smog. La distinction entre les poussières d'origine 
naturelle et celles d'origine antlu·opique peut être difficile à établir (i.e. feux d'origine 
naturelle vs. provoqués par 1 ' htm1ain ou encore érosion des sols par des processus 
naturels vs. les activités agricoles) . En milieu naturel, les particules fines sont 
principalement issues de l' érosion de la croûte continentale supérieure, qui constitue 
1 ' interface principale entre la géosphère et la biosphère. 
Les poussières atmosphériques naturelles jouent un rôle complexe dans le système 
climatique global étant à la fois tm facteur affectant le climat et variant en fonction de 
ce dernier. Les poussières atmosphériques minérales modifient le budget radiatif global 
tant par leur capacité de réflexion que d'absorption des rayons (Harrison et al., 2001; 
Miller et Tegen, 1998) ainsi gu' en tant que noyau de condensation pour les nuages (Yin 
et al. , 2002). « L'a1mée sans été » en 1816, est tm exemple de l'impact que les 
poussières atmosphériques peuvent exercer sur le climat. En effet, les cendres émises 
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dans l' atmosphère par l 'éruption du volcan Pinatubo, aux Philippines, ont affecté 
plusieurs régions éloignées telles que l'Europe du Nord, le nord-est des États-Unis et 
l'est du Canada. Suite à cette éruption, les températures moye1mes de la saison estivale 
dans l' ouest et le centre de l'Europe ont considérablement diminué (Oppenheimer, 
2003) atteignant des valeurs jusqu 'à 3°C infériemes à la moye1me. Les poussières 
minérales affectent aussi la chimie de l' atmosphère et Je cycle biogéochimique de 
plusieurs éléments (Harrison et al. , 2001 ; Meskhidze et al. , 2003). Par exemple, il a été 
démontré que les poussières sahariennes affectent la nature géochimique des sols des 
îl es Canaries (Menéndez et al. , 2007) de même que ceux de la Barbade, des Bahamas 
et de la Floride (Muhs et al. , 2007). 
Les poussières atmosphériques minérales sont communément dérivées de la déflation 
des sols. À l'échelle de la planète, les sols des régions arides et semi-arides constituent 
la principale source de poussières (Grousset et Biscaye, 2005 ; Prospero et al. , 2002). 
Les lacs asséchés, les plaines alluviales ainsi que les plaines d' épandage pro-glaciaires 
représentent aussi des sources importantes de poussières (Prospero et al., 2002). Les 
principaux facteurs contrôlant la mobilisation des particules incluent la taille des 
particules de la source, la rugosité de la smface (végétation, topographie et présence de 
croüte) et le climat (Marticorena et al., 1997). Les principaux factems climatiques 
contrôlant l'émission des particules sont la vitesse du vent et l' humid ité des sols 
(Gillette, 1988). La mobilisation des particules a souvent lieu dans les régions sous 
l' influence de vents f01is. Un niveau élevé de précipitations augmente quant à lui 
l'humidité et la stabili té du sol par la fo rmation d' une croûte qui le protège contre 
l 'érosion éolienne (Marticorena et al., 1997). 
Le transfert des poussières de l'atmosphère vers les surfaces continentales et 
océaniques (i .e. taux de dépôt) dépend de plusieurs factems dont leur concentration 
dans 1' atmosphère, 1' intensité des vents les transportant, les précipitations et le couvert 
végétal (Lawrence et Neff 2009). Pendant le transpo1i, les particules sont 
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continuellement « extraites » de l' atmosphère par les processus de dépôt sec et humide. 
Les particules de la taille des sables et des silts grossiers se déposent généralement par 
des processus de dépôt sec via des mécanismes gravitationnels (Tegen et Fung, 1994). 
Les particules de la taille des argiles sont, quant à elles, principalement lessivées par 
les précipitations (pluie, neige, grêle, dépôt htm1ide) , leur taux de transfert vers les so ls 
est donc dépendant du volume total de ces dernières (Tegen et Ftmg, 1994). Pour ce 
qui est des particules de la tai lle des silts tant les processus de dépôt sec qu'humide 
constituent des vo ies de sortie de l' atmosphère. La combinaison de tous ces facteurs 
fait en sorte que les taux de dépôts de poussières varient de façon importante à des 
échelles locales à globales. 
Notre compréhension de ces différentes interactions avec le climat est limitée par 
l' importante variabilité spatiale et temporelle des poussières atmosphériques (Harri son 
et al. , 2001 ). La majorité des études sur les palée-poussières se concentrent sur les 
changements entre les périodes glaciaires et interglaciaires puisque le volmn e de 
poussières était plus élevé qu ' au cours de l'Holocène (Fischer et al. , 2007; Lambert et 
al. , 2008). Bien que la variabilité du dépôt de poussières soit d'une amplitude infér ieure 
qu 'à l'échelle glaciaire-interglaciaire, la complexité des changements de tempérahtre 
et d'humidité au cours de l'Holocène a été suffisamment importante pour affecter la 
production et le transport des poussières atmosphériques (Wam1er et al., 2008). Les 
projections des différents modèles climatiques suggèrent que certaines régions subiront 
une augmentation des températures et w1e diminution des précipitations au cours de 
prochaines décennjes (Diffenbaugh, Giorgi et Pal, 2008 ; GIEC, 201 3) . Un tel 
changement des conditions climatiques résultera probablement en une diminution du 
couvert végétal entrainant une augmentation du volume de poussières dans 
l' atmosphère (Pye, 1987). En plus des effets du changement climatique, certaines 
études montrent que les ac ti vi tés anthropiques, particulièrement au cours des 150 
dernières aru1ées, ont aussi augmenté le vo lume et altéré la composition des poussières 
dans l' atmosphère (Neff et aL. , 2008 ; Reynolds et al., 2009). Dans ce contexte, un 
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nombre plus élevé d'archives de poussières atmosphériques est nécessaire afin de 
mieux cerner les processus en amont de la production des poussières atmosphériques 
et les conséquences de la variabilité de ces dernières sm l'environnement. 
2. Les archives de poussières atmosphériques 
Les glaciers reçoivent des apports éoliens de particules dérivées de 1' érosion des sols 
(De Angelis et al., 1997), d'aérosols marins (Lupker et al., 2010), d'éruptions 
volcaniques (Abboit et Davies, 2012) et d'activités anthropiques (Boutron, Candelone 
et Hong, 1995). Les calottes de glace sont limitées géographiquement aux hautes 
latitudes et à quelques glaciers des basses et moyennes latitudes. Les calottes de glace 
polaires reçoivent donc des poussières provenant presqu'exclusivement de somces 
éloignées (Bory, Biscaye et Grousset, 2003; Delmonte et al., 2010). Ainsi, elles 
emegistrent la variabilité et la magnitude du cycle des poussières à une échelle 
hémisphérique (Mahowald et al., 2011). Les calottes de glace ont été utilisées pour 
reconstruire les variations glaciaires-interglaciaires du cycle des poussières sur 
plusieurs centaines de milliers d'années (Fischer et al. , 2007; Petit et al., 1999), 
permettant d'établir que le volume de poussières atmosphériques était d' au moins un 
ordre de grandeur plus élevé lors du dernier maximum glaciaire (Late Glacial 
Maximum : LGM) comparativement à 1 'I-Iolocène. 
Les sédiments marins constituent aussi un type d'archive utile dans l' étude des 
processus de transport atmosphérique passé (Nakai, Halliday et Rea, 1993). Par contre, 
les environnements pélagiques sont habituellement caractérisés par des taux de 
sédimentation faibles, donc par tme résolution temporelle plus faible que celle 
emegistrée dans les calottes de glace. De pl us, les apports de matériel non-éolien 
diluent le signal atmosphérique dans les sédiments marins, ce qui complique 
1' interprétation de celui-ci (Rea, 1994 ). Pour cette raison, les sédiments marins offrant 
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les meilleures conditions pour l' étude des poussières atmosphériques se trouvent loin 
des sources d' apports fluviaux. A l' instar des calottes de glace, les sédiments marins 
fournissent des informations sur le transport à longue distance des paléo-poussières 
(Kohfeld et Harrison, 2001). 
Les séquences de loess constituent le principal type d' archive continentale 
présentement utilisé dans l'étude des paléo-poussières. L'utilité des archives provenant 
de loess à des échelles glaciaire-interglaciaire et mménaires a déjà été démontré 
(Ma son et al., 2003 ; Muhs et al., 2008). Par contre, lem interprétation est complexifiée 
par des processus diagénétiques potentiels ainsi qu 'un historique de somces complexes, 
ce qui limite leur intérêt à des échelles plus fines que celle du millénaire (Kohfeld et 
Hanison, 2001). 
La quantité d'archives continentales de paléo-poussières demeure limitée et couvre des 
régions restreintes du globe (Kohfeld et Harrison, 2001). Comme mentionné 
précédemment, les calottes de glace se trouvent principalement aux pôles, alors que les 
archives de qualité provenant de sédiments marins se trouvent principalement loin des 
apports fluviaux, donc en océan profond. Dans le cas des loess, ceux-ci sont smiout 
localisés près de leurs somces soit les dése1is. Donc d' autres sources d'information 
doivent être utilisées afin d'acquérir une vision plus précise des changements de 
sources, de dépôt et de transport des poussières atmosphériques. Dans ce contexte, les 
tourbières constituent une alternative afin de pallier cette lacune, plus particulièrement 
au niveau des reconstitutions holocènes. Avant de discuter des tourbières en tant 
qu'archives environnementales et de poussières atmosphériques, leur nature et 
particularités seront brièvement décrites . 
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3. Les tourbières 
Les tourbières couvrent em,rron 3% de la surface terrestre et sont principalement 
localisées dans les zones boréales et subarctiques (Tarnocai et Stolbovoy, 2006). 
Celles-ci occupent une superficie d 'environ 1.1 Mkm2, soit 12% du territoire canadien 
(Tarnocai et al., 2005). Les tourbières sont des écosystèmes caractérisés par w1e 
saturation en eau en raison de nappes plu·éatiques près de la surface. Ces conditions 
créent un bilan positif entre la production primaire nette de la végétation et sa 
décomposition, permettant ainsi une accrétion verticale et latérale de la maüère 
organique dans le temps (Clymo, 1984; Frolking et al. , 1998). 
Les tourbières peuvent être divisées en deux grandes catégories en lien avec leur 
développement, leur régime nutritif et leur hydrologie: les tourbières ombrotrophes 
(communément appelées bog) et minérotrophes (conununément appelées fen). Les 
tourbières ombrotrophes sont caractérisées par une surface convexe ou bombée, isolée 
des apports latéraux par ruissellement, et sont alimentées presqu'exclusivement par des 
apports atmosphériques tels la pluie, la neige ou les poussières (Chambers et Channan, 
2004). Ces écosystèmes reçoivent ainsi une quantité limitée de nutriments et possèdent 
des contenus cendres inférieurs à 5%. Ces faibles apports en nutriments et particules 
nuisent à la neutrali sation des acides produits lors de la décomposition de la matière 
organique, résultant ainsi en de faibles valeurs de pH (3 à 5.5) (Shotyk, 1988; 
Steinmann et Shotyk, 1997), La combinaison de conditions anaérobiques ainsi que de 
faibles pH et app01ts en nutriments diminue la richesse floristique de ce type de 
tourbière et résulte généralement en un couvert végétal dominé par les sphaignes, à tout 
le moins dans l 'Hémisphère Nord. Les tombières minérotrophes reçoivent, quant à 
elles, tant des app01ts atmosphériques que des eaux de ruissellement ayant été en 
contact avec les sols et les roches envirormants. Étant alimentées par une quantité plus 
importante de nutriments, celles-ci sont caractérisées par des valeurs de pH plus élevés 
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(5.5 à 8.0), une plus grande richesse floristique et des contenus en cendres plus élevés 
Qusqu'à 35% de la masse sèche) (Shotyk, 1988). 
4. Les tourbières en tant qu'archives paléo-environnementales 
Les tourbières ombrotrophes constituent d ' excellentes archives sédimentaires car elles 
enregistrent les différents apports provenant de l'atmosphère. Elles sont capables 
d'enregistrer les changements environnementaux et climatiques à une échelle séculaire 
et parfois même déce1male (Aaby, 1976; Chambers et Charman, 2004). Généralement, 
les tombières ombrotrophes sont préférées · pour les reconstitutions paléo-
envirmmementales puisque le niveau de lem nappe phréatique est étroitement lié aux 
conditions atmosphériques (Charman et al., 2009). Plusieurs indicateurs biotiques 
(thécamoebiens, macrorestes végétaux) et abiotiques (humification, densité sèche, 
C/N) sont utilisés dans la reconstruction des variations d'humidité de surface de ces 
écosystèmes (Hughes et al. , 2006; Magnan et Garneau, 2014; Mauquoy et al., 2004). 
Par exemple, à l'aide des macrorestes végétaux de différentes séquences tombeuses, 
Barber, Chambers et Maddy (2003) ont reconstruit la variation des conditions 
d humidité de smface de tourbières en Irlande et en Angleterre au cours de l'Holocène. 
Les analyses de thécamoebiens sont souvent combinées à celles des macrorestes 
végétaux dans les études paléo-envirom1ementales. Conm1e les assemblages végétaux, 
les assemblages de thécamoebiens correspondent à une profondeur de nappe phréatique 
malgré qu ' ils répondent plus rapidement que la végétation aux variations de celle-ci 
(Woodland, Charman et Sims, 1998). La combinaison des macrorestes végétaux, des 
thécamoebiens et du degré d' humification de la tourbe a permis de montrer l 'existence 
de liens entre l'humidité de surface d 'une tourbière de Terre-Neuve et les forçages 
océaniques et solaires au cours de l' Holocène (Hughes et al., 2006). 
___ _j 
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En plus de ces indicateurs biologiques classiques, la fraction inorganique contenue 
dans la tourbe fournit des informations sur l' abondance et la provenance des particules 
se déposant à la smface des tourbières (Allan et al. , 2013; De Vleeschouwer et al., 
20 14; Sapkota et al., 2007; Shotyk et al., 2002; Vanneste et al., 2015). 
5. Les tourbières en tant qu'archives géochimiques 
Les tourbières ombrotrophes peuvent être utilisées en tant qu ' alternatives aux calottes 
de glace dans l'étude des apports en particules atmosphériques. Comparativement aux 
calottes de glace, les tourbières possèdent deux avantages : 1) une plus large 
distribution géographique et 2) une facilité de datation par les isotopes radioactifs 
e'0Pb, 14C). Puisque la tourbe d 'origine ombrotrophe est constituée en grande partie de 
matière organique, celle-ci permet d 'obtenir des chronologies 14C à haute résolution et 
avec de faibles incettitudes (Channan et Makila, 2003). 
Depuis les années 60, un nombre élevé d 'études ont utilisé les tourbières en tant 
qu ' archives géochimiques de pollution atmosphérique dans différentes régions 
d'Europe (De Vleeschouwer et al. , 2009; Le Roux et al., 2005; Martinez-Cortizas et 
al. , 2002; Shotyk et al. , 1996; Shotyk et al., 1998; Shotyk et al. , 2001) et plus 
récemment d 'Amérique du Nord (Givelet, Roos-Barraclough et Shotyk, 2003; 
Kylander, Weiss et Kober, 2009; Pratte, Mucci et Garneau, 2013; Shotyk et Krachler, 
20 10). D ' autres études se sont plutôt concentrées sur la signature géochimique de 
séquences tourb uses lors de la période pré-industrielle (Kylander et al., 2005; 
Martinez-Cortizas et al., 1999; Roos-Barraclough et Shotyk, 2003; Weiss et al., 2002). 
Dans des travaux pionniers sur la géochimie élémentaire de la tourbe, Chapman (1964) 
a observé une relation entre la quantité de matériel d ' origine éolienne et le contenu en 
Al et Si dans des séquences tourbeuses du nord-est de l'Angleterre. D' une manière 
similaire, Hëlzer et Hëlzer (1998) ont uti lisé les concentrations en Si et Ti en tant 
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qu ' indicateurs d 'érosion des sols dans des profils tourbeux en Allemagne. La 
concentration de ces éléments lithogéniques dépend du volume et de la nature des 
particules minérales déposées à la surface des tourbières, ainsi ils reflètent les taux de 
dépôt de poussières atmosphériques passés. 
Au cours des dernières décennies, l'évolution des technologies a perrrüs le 
développement de nouveaux indicateurs géochimiques autrefois inutilisables en raison 
de leurs faibles concentrations dans la tourbe. Parmi ceux-ci, les terres rares héritent 
leur signature chimique de la roche dont ils proviennent suite à l'altération du matériel 
géo logique et ne sont pas significativement affectées par les processus physiques et 
chimiques au cours de leur transport (McLennan, 1989). Les terres rares peuvent donc 
être utilisées conm1e 'traceurs de source ou éléments de référence dans un large spectre 
d 'études environnementales (Aubert et al. , 2006; Chiarenzelli et al. , 2001; Greaves, 
Elderfield et Sholkovitz, 1999). À 1 'aide des terres rares, il a été révélé que le p lateau 
tibétain a reçu tm volume accm de particules provenant du désert de Taklimatan et du 
plateau de Loess de Chine au cours des 5000 dernières années (Ferrat et al. , 20 12). Ces 
apports accrus seraient liés à une intensification des vents associés à la mousson d ' hiver 
d 'Asie de l ' est et des vents d 'ouest (Ferrat et al. , 20 12). D' une manière similaire, les 
isotopes radiogéniques, principalement Nd et Pb, ont aussi été utilisés en tant que 
tr·aceurs de source de poussières atmosphériques puisque leur signature isotopique n ' est 
pas affectée par les processus d 'érosion et de transpo11. Néanmoins, l' analyse des terres 
rares et des isotopes du néodyme dans les séquences de tourbe est limité, jusqu 'à ce 
jour, à un nombre peu élevé de sites (Allan et al. , 20 13; Aubert et al. , 2006; Le Roux 
et al., 2012; Vanneste et al. , 20 15). Malgré leur nombre limité, ces études ont tout de 
même permis d ' identifier des changements importants des taux de dépôt de poussières 
liés à des variations du climat. Par exemple, l' utilisation de ces indicatems a permis de 
retracer l ' impact de l' aridification du Sahara sur le volume de poussières en Europe de 
l' ouest (Le Roux et al. , 20 12), l 'influence des phénomènes El Nino/Oscillation 
Australe (ENSO) sur le transport de poussières australi ennes vers la Nouvell e-Zélande 
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(Marx, McGowan et Kamber, 2009), l' intensification des vents d' ouest en Terre de Feu 
lors d'une interruption du réchauffement de l' Antarctique à la transition du dernier 
maximum glaciaire à l' Holocène (Antarctic Cold Reversai) (Vanneste et al ., 2015) ou 
encore les fluctuations néo glaciaires de 1 'étendue des glaciers de la Cordillère Darwin 
au Chili (Vanneste et al. , soumis) . 
6. Objectifs de la thèse 
L'obj ectif principal de cette thèse est de caractériser la variabilité spatiale et temporelle 
des dépôts poussières atmosphériques naturelles au Québec boréal au cours de 
1 'Holocène en lien avec les flu ctuations climatiques. La principale hypothèse qui a été 
testée est que le climat est le principal facteur contrôlant les changements dans les 
apports de poussières atmosphériques. Afin de tester cette hypothèse et d'évaluer la 
variabilité spatiale des dépôts de poussières atmosphériques, une approche multi-sites 
a été utilisée. Trois tourbières du Québec boréal furent échantill01mées dans trois 
régions et contextes climatiques différents, soit Baie-Comeau (maritime boréal) et 
Havre-Saint-Pierre (maritime subarctique), le long de l' Estuaire et du Golfe du Saint-
Laurent, et Radisson (continental subarctique) , près de la baie de James, dans l ' ouest 
du Québec. 
Cette thèse constitue la première étude utilisant les tourbières en tant qu ' archives de 
poussières atmosphériques en Amérique du Nord. De plus, la localisation des sites 
d' étude à de hautes latitudes a permis l' évaluation du cycle des poussières 
atmosphériques dans des régions froides et sous-représentées dans l'état actuel de la 
recherche sur les poussières atmosphériques. 
Spécifiquement, les objectifs de la thèse sont de : 
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1) Reconstituer, à l'aide de la géochimie élémentaire, les variations des apports de 
poussières atmosphériques dans des tourbières situées dans les portions est et ouest du 
Québec boréal au cours de l 'Holocène moyen et récent; 
2) Identifier l' origine des poussières déposées dans ces tourbières , tenter d'en 
distinguer les sources locales, régionales et de longue-distance et ainsi docmnenter les 
processus impliqués dans le transport et les dépôts de ces poussières atmosphériques; 
3) Évaluer le lien entre les taux de dépôt de poussières et la variabilité climatique au 
cours de 1 'Holocène moyen et récent. Plus précisément, déterminer sous quelles 
conditions climatiques (conditions froides, chaudes ou sèches, intensité des vents) les 
pics de poussières atmosphériques ont été produits. 
Les obj ectifs spécifiques n 'étant pas exclusifs, il s ne sont pas traités séparément dans 
les différents chapitres de la thèse, mais plutôt combinés selon les régions d'étude. 
Ainsi, le premier chapitre traite-t-il de la reconstruction temporelle des apports de 
poussières et de leur lien avec le climat dans les deux sites de la région de la Côte-
Nord, le long de l'Estuaire et du Golfe du Saint-Laurent. Les taux de dépôts de 
poussières atmosphériques furent reconstruits à 1 ' aide de la somme des concentrations 
en terres rares. Préalablement, l' inm1obilité des terres rares dans les séquences de 
tourbe fut vérifiée à l'aide d'analyses par composantes principales. L' influence 
climatique sur les apports de poussières a été évaluée en docmnentant les successions 
végétales des deux sites d'étude et en comparant avec d'autres archives climatiques 
régionales déjà publiées. 
Le deuxième chapitre se concentre sur l' identification des sources des poussières 
déposées dans les deux mêmes sites d'étude que dans le premier chapitre. L'origine 
des poussières atmosphériques a été précisée à l' aide des isotopes du néodyme et du 
plomb ainsi qu'avec les terres rares. En se concentrant sm les épisodes d'apports accrus 
de poussières identifiés dans le premier chapitre, les flux de poussières ont été 
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comparés et combinés avec le t:Nd ainsi que la granulométrie afin d'extraire des 
informations supplémentaires sur le climat passé dans la région. 
Le chapitre trois intègre les trois objectifs spécifiques de la thèse à partir de l'analyse 
d'une séquence prélevée dans une tourbière de la région de la rivière La Grande 
(Rad isson), à l'est de la Baie de James. Tout comme pour les chapitres un et deux, les 
flux de poussières ont été reconstruits à l' aide des concentrations en terres rares et 
l'origine des poussières déposées à la surface de la tourbière fut identifiée à partir des 
isotopes du néodyme. Les changements dans les apports de poussières ont été comparés 
aux changements dans les successions végétales et ceux des thécamoebiens afin d'en 
extraire des informations sur le climat passé. 
Finalement, w1e comparaison des résultats de reconstruction entre les sites de l'est et 
de l'ouest du Québec boréal a été réalisée afin de vérifier s' ils étaient sownis ou pas 
aux mêmes influences climatiques et ainsi évaluer la variabilité spatiale des apports de 
poussières atmosphériques et du climat à l' échelle du Québec. 
13 
7. Réfét·ences 
Aaby, B. (1976). Cyclic climatic variations in climate over the past 5,500 yr re:flected 
in raised bogs. Nature, 263(5575), 281-284. 
Abbott, P.M. et Davies, S.M. (20 12). Volcanism and the Greenland ice-cores: the 
teplu·a record. Earth-Science Reviews, 115(3), 173-191. 
Allan, M., Le Roux, G., Piotrowska, N., Beghin, J. , Javaux, E. , Court-Picon, M. , 
Mattielli, N. , Verheyden, S. et Fage) , N . (2013) . Mid and late Ho1ocene dust 
deposition in western Europe: the Misten peat bog (Hautes Fagnes- Belgium). 
Climate of the Past Discussions, 9(3), 2889-2928. 
Aubert, D., Le Roux, G. , Krachler, M. , Cheburkin, A., Kober, B., Shotyk, W. et Stille, 
P. (2006). Origin and fluxes of atmospheric REE entering an ombrotrophic peat 
bog in Black Forest (SW Germany): Evidence from snow, lichens and mosses. 
Geochimica et Cosmochimica Acta, 70(11), 2815-2826. 
Barber, K.E. , Chambers, F.M. et Maddy, D. (2003). Holocene palaeoclimates from peat 
stratigraphy: macrofossil proxy climate records from three oceanic raised bogs 
in England and Ireland. Quaternary Science Reviews, 22(5-7), 521-539. 
Bory, A.J.M., Biscaye, P.E. et Grousset, F.E. (2003). Two distinct seasonal Asian 
source regions for mineral dust deposited in Greenland (NorthGRIP). 
Geophysical Research Letters, 30( 4 ). 
Boutron, C.F., Candelone, J.-P. et Hong, S. (1995) . Greenland snow and ice cores: 
unique archives of large-scale pollution of the troposphere of the Northern 
Hemisphere by lead and other heavy metals. Science of the Total Environment, 
1601161 ,233-241. 
Chambers, F.M. et Charman, D.J. (2004). Holocene environmental change: 
contributions from the peatland archive. The Holocene, 14(1 ), 1-6. 
Chapman, S.B. (1964). The Ecology of Coom Rigg Moss, Northumberland: II. The 
Chemistry ofPeat Profiles and the Development Of the Bog System. Journal of 
Ecology, 52(2), 315-321. 
Charman, D.J., Barber, K.E. , Blaauw, M., Langdon, P.G., Mauquoy, D. , Daley, T.J. , 
Hughes, P.D.M. et Karofeld, E. (2009). Climate drivers for peatland 
palaeoclimate records. Quaternary Science Reviews, 28(19- 20) 1811 -1819. 
Charman, D.J. et Makila, M. (2003). Climate reconstruction from peatlands. PAGES 
Newsletter, 11, 15-17. 
Chiarenzelli , J. , Aspler, L., Dunn, C., Cousens, B. , Ozarko, D. et Powis, K. (2001). 
Multi-element and rare earth element composition of lichens, mosses, and 
vascular plants from the Central Barrenlands, Nunavut, Canada. Applied 
Geochemist1y, 16(2), 245-270. 
Clymo, R.S . (1984). The Limits to Peat Bog Growth. Philosophical Transactions of 
the Royal Society of London B: Biological Sciences, 303(1117), 605-654. 
De Angelis, M. , Steffensen, J.P. , Legrand, M. , Clausen, H. et Hammer, C. (1997). 
Primary aerosol (sea salt and soil dust) deposited in Greenland ice during the 
14 
last climatic cycle: Comparison with east Antarctic records. Journal of 
Geophysical Research: Oceans, 102(C12), 26681-26698. 
De Vleeschouwer, F., Fage!, N. , Cheburkin, A., Pazdur, A., Sikorski, J. , Mattielli, N., 
Renson, V., Fialkiewicz, B., Piotrowska, N. et Le Roux, G. (2009). 
Anthropogenic impacts in North Poland over the last 1300 years--a record of 
Pb, Zn, Cu, Ni and S in an ombrotrophic peat bog. Science of the Total 
Environment, 407(21), 5674-5684. 
De Vleeschouwer, F., Ferrat, M., McGowan, H. , Vanneste, H. et Weiss, D. (2014). 
Extracting paleodust information from peat geochemistry. PAGES Magazine, 
22(2), 88-89. 
Delmonte, B. , Baroni, C., Andersson, P.S. , Schoberg, H., Hansson, M., Aciego, S. , 
Petit, J.-R. , Albani, S., Mazzola, C. , Maggi, V. et Frezzotti, M. (20 1 0) . Aeolian 
dust in the Talos Dome ice core (East Antarctica, Pacifie/Ross Sea sector): 
Victoria Land versus remote sources over the last two climate cycles. Journal 
ofQuaterna;y Science, 25(8), 1327-1337. 
Diffenbaugh, N.S., Giorgi, F. et Pal , J.S. (2008). Climate change hotspots in the United 
States. Geophysical Research Letters, 35(16) .. 
Ferrat, M. , Langmann, B. , Cui, X. , Gomes, J. et Weiss, D.J. (2013). Numerical 
simulations of dust fluxes to the eastern Qinghai-Ti be tan Plateau : Comparison 
of model results with a Holocene peat record of dust deposition. Journal of 
Geophysical Research: Atmospheres, 118( 1 0), 4597-4609. 
Ferrat, M. , Weiss, D.J. , Spiro, B. et Large, D. (2012). The inorganic geochemistry of a 
peat deposit on the eastern Qinghai-Tibetan Plateau and insights into changing 
atmospheric circulation in central Asia during the Holocene. Geochimica et 
Cosmochimica Acta, 91(0), 7-31. 
Fischer, H. , Siggaard-Andersen, M.-L. , Ruth, U., Rothlisberger, R. et Wolff, E. (2007). 
Glacial/interglacial changes in mineral dust and sea-salt records in polar ice 
cores: Sources, transpmt, and deposition. Reviews ofGeophysics, 45(1). 
Frolking, S.E. , Bubier, J.L., Moore, T.R. , Bail, T., Bellisario, L.M. , Bhardwaj , A., 
Carroll, P. , Crill , P.M., Lafleur, P.M., McCaughey, J.H., Roulet, N.T. , Suyker, 
A.E., Verma, S.B. , Waddington, J.M. et Whiting, G.J. (1998) . Relationship 
between ecosystem productivity and photosynthetically active radiation for 
northern peatlands. Global Biogeochemical Cycles, 12(1), 115-126. 
Gillette, D.A. (1988). Threshold friction velocities for dust production for agricultural 
soils. Journal ofGeophysical Research: Atmospheres, 93(D10) 12645-12662. 
Givelet, N ., Roos-Barraclough, F. et Shotyk, W. (2003). Predominant antlu·opogenic 
sources and rates of atmospheric mercury accumulation in southern Ontario 
recorded by peat cores from three bogs: comparison with natural "background" 
values (past 8000 years). Journal of Environmental Jvfoniloring, 5(6), 935 -949. 
Greave , M.J., Elderfield, H. et Sholkovitz, E.R. (1999). Aeolian sources of rare eatth 
elements to the Western Pacifie Ocean. lvfarine Chemistry, 68(1 - 2), 31 -38. 
Groupe d'experts Intergouvernemental sur l 'Évolution du Climat (GIEC) (2013) . 
Changement climatique 2013: les éléments scientifiques. Contribution du 
15 
groupe de travail 1 Contribution au cinquième rapport d'évaluation du Groupe 
d'experts Intergouvernemental en Évolution du Climat. In: Stocker T.F., Qin, 
D. , Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels A., Xia, Y., 
Bex, V. , and Midgley, P.M. (eds) Cambridge University Press, Cambridge/New 
York, pp. 1535. 
Grousset, F.E. et Biscaye, P.E. (2005). Tracing dust sources and transport patterns 
using Sr, Nd and Pb isotopes. Chemical Geology, 222(3-4), 149-167. 
Harrison, S.P ., Kohfeld, K.E., Roelandt, C. et Claquin, T. (200 1 ). The role of dust in 
climate changes today, at the last glacial maximum and in the futme. Earth-
Science Reviews, 54(1-3), 43-80. 
Holzer, A. et Holzer, A. (1998). Silicon and titanium in peat profiles as indicators of 
h1..m1an impact. The Holocene, 8(6), 685-696. 
Hughes, P.D.M., Blundell, A., Charman, D.J. , Bartlett, S. , Daniel! , J.R.G. , Wojatschke, 
A. et Chambers, F.M. (2006). An 8500 cal. year multi-proxy climate record 
from a bog in eastern Newfoundland: contributions of meltwater discharge and 
solar forcing. Quaternary Science Reviews, 25(11 - 12), 1208-1227. . 
Kohfeld, K.E. et Harrison, S.P. (2001). DIRTMAP: the geological record of dust. 
Earth-Science Reviews, 54(1-3), 81- 114. 
Kylander, M., Weiss, D. , Martinezcortizas, A. , Spiro, B., Garciasanchez, R. et Coles, 
B. (2005). Refining the pre-industrial atmospheric Pb isotope evolution curve 
in Emope using an 8000 year old peat core from NW Spain. Earth and 
Planetary Science Letters, 240(2), 467-485 . 
Kylander, M.E., Weiss, D.J. et Kober, B. (2009). Two high resolution terrestrial 
records of atmospheric Pb deposition from New Brunswick, Canada, and Loch 
Laxford, Scotland. Science ofthe Total Environment; 407(5), 1644-1657. 
Lambert, F. , Delmonte, B., Petit, J.R., Bigler, M., Kaufmann, P.R., Hutterli, M.A. , 
Stocker, T.F. , Ruth, U., Steffensen, J.P. et Maggi, V. (2008). Dust-climate 
couplings over the past 800,000 years from the EPICA Dome C ice core. 
Nature, 452(7187), 616-619. 
Lawrence, C.R. et Neff, J.C. (2009). The cont mporary physical and chemical flux of 
aeolian dust: A synthesis of direct measmements of dust deposition. Che mica! 
Geology, 267(1-2), 46-63. 
Le Roux, G., Aubert, D., Stille, P. , Krachler, M., Kober, B. , Cheburkin, A. , Bonani, G. 
et Shotyk, W. (2005). Recent atmospheric Pb deposition at a rural site in 
southern Germany assessed using a peat core and snowpack, and comparison 
with other archives . Atmospheric Environment, 39(36), 6790-6801. 
Le Roux, G. , Fagel, N. , De Vleeschouwer, F. , Krachler, M., Debaille, V. , Stille, P. , 
Mattielli, ., van der Knaap, W.O. van Leeuwen, J.F.N . et Shotyk, W. (2012). 
Volcano- and climate-driven changes in atmospheric dust sources and fluxes 
since th Late Glacial in Central Europe. Geology, 40(4), 335-338. 
Lupker M., Aciego, S.M., Bourdon, B. , Schwander, J. et Stocker, T.F. (2010). Isotopie 
tracing (Sr, Nd, U and Hf) of continental and marine aerosols in an 18th centmy 
16 
section of the Dye-3 ice core (Greenland) . Earth and Planetary Science Letters, 
295(1-2), 277-286. 
Magnan, G. et Garneau, M. (2014). Evaluating long-term regional climate variability 
in the maritime region of the St. Lawrence North Shore (eastern Canada) using 
a multi-site comparison of peat-based paleohydrological records. Journal of 
Quaternary Science, 29(3), 209-220. 
Mahowald, N ., Albani, S., Engelstaedter, S. , Winckler, G. et Goman, M. (2011). Mode! 
insight into glacial-interglacial paleodust records. Quaterncay Science 
RevieH'S, 30(7- 8), 832-854. 
Marticorena, B. , Bergametti, G., Gillette, D. et Belnap, J. (1997). Factors controlling 
tlu·eshold friction velocity in semiarid and arid areas of the United States. 
Journal ofGeophysical Research: Atmospheres, 102(D19), 23277-23287. 
Martinez-Cortizas, A. , Garcia-Rodeja, E. , Pontevedra Pombal, X. , Novoa Munoz, J.C. , 
Weiss, D. et Cheburkin, A. (2002). Atmospheric Pb deposition in Spain during 
the Jast 4000 years recorded by two ombrotrophic peat bogs and implications 
for the use of peat as archive. Science of the Total Environmenl; 292, 33-44. 
Martinez-Cortizas, A., Pontevedra-Pombal, X., Garcia-Rodeja; E. , N6voa-Mw1oz, J.C. 
et Shotyk, W. (1999) . Mercury in a Spanish Peat Bog: Archive of Climate 
Change and Atmospheric Metal Deposition. Science, 284(5416), 939-942. 
Marx, S.K. , McGowan, H.A. et Kamber, B.S. (2009). Long-range dust transport from 
eastern Australia: A proxy for Holocene aridity and ENSO-type climate 
variability . Earth and Planetary Science Letters, 282(1-4), 167-177. 
Mason, J.A. , Jacobs, P.M. , Ha.nson, P.R. , Miao, X. et Gobie, R.J. (2003) . Sources and 
paleoclimatic significance of Holocene Bignell Loess, central Great Plains, 
USA. Quaternary Research, 60(3), 330-339. 
Mauquoy, D. , van Geel, B. , Blaauw, M. , Speranza, A. et van der Plicht, J. (2004) . 
Changes in sola.r activity and Holocene climatic shifts derived from 14C wiggle-
match dated peat deposits. The Holocene, 14(1), 45-52. 
McLe1mai1, S.M. (1989). Ra1·e earth elements in sedimentary rocks; influence of 
provena11ce and sedimentary processes. Reviews in Minera/ogy and 
Geochemistry, 21(1), 169-200. 
Menéndez, I. , Diaz-Hernandez, J.L. , Mangas, J. , Alonso, I. et Sanchez-Soto, P.J. 
(2007). Airbome dust accumulation a11d soil development in the North-East 
sector of Gran Canaria (Canary Islands, Spain). Journal of Arid Environmenls, 
71(1), 57-81. 
Meskhidze, N. , Chan1eides, W.L. , Nenes, A. et Chen, G. (2003). Iron mobilization in 
mineral dust: Can antlu·opogenic S02 emissions affect ocean productivity? 
Geophysical Research Letters, 30(21), 2085. 
Miller, R.L. et Tegen, I. (1998). Climate Response to Soil Dust Aerosols. Journal of 
Climate, 11(12), 3247-3267. 
Muhs, D.R. , Bettis, E.A. , Aleinikoff, J.N. , McGeehin, J.P. , Bea1u1, J. , Skipp, G., 
Marshall , B.D. , Roberts , H.M., Jolmson, W.C. et Benton, R. (2008) . Origin and 
paleoclimatic significa11ce of late Quatemary loess in Nebraska: Evidence from 
17 
stratigraphy, chronology, sedimentology, and geochemistry. Geological 
Society of America Bulletin, 120(11-12), 1378-1407. 
Muhs, D.R. , Budahn, J.R. , Prospero, J.M. et Carey, S.N. (2007). Geochemical evidence 
for African dust inputs to soils of western Atlantic islands: Barbados, the 
Bahamas, and Florida. Journal of Geophysical Research: Earth Swface, 
11 2(F2) . 
Nakai, S.i ., Halliday, A.N. et Rea, D.K. (1993). Provenance of dust in the Pacifie 
Ocean. Earth and Planetary Science Letters, 119(1 - 2), 143-157. 
Neff, J.C., Ballantyne, A.P., Fm·mer, G.L., Mahowald, N.M. , Conroy, J.L., Landry, 
C.C. , Overpeck, J.T., Painter, T.H. , Lawrence, C.R. et Reynolds, R.L. (2008). 
Increasing eolian dust deposition in the western United States linked to human 
activity. Nature Geoscience, 1(3), 189-195. 
Oppenheimer, C. (2003). Climatic, environmental and hw11an consequences of the 
largest known historie eruption: Tambora volcano (Indonesia) 1815. Progress 
in Physical Geography, 27(2), 230-259. 
Petit, J.R. , Jouzel, J. , Raynaud, D. , Barkov, NJ. , Barnola, J.M. , Basile, I. , Bender, M. , 
Chappellaz, J. , Davis, M. , Delaygue, G. , Delmotte, M. , Kotlyakov, V.M. , 
Legrand, M. , Lipenkov, V.Y. , L01·ius, C. , Pepin, L. , Ritz, C. , Saltzman, E. et 
Stievenard, M. (1999). Climate and atmospheric history of the past 420,000 
years from the Vostok ice core, Antarctica. Nature, 399(6735), 429-436. 
Pratte, S., Mucci, A. et Garneau, M. (2013) . Historical records of atmospheric metal 
deposition along the St. Lawrence Valley (eastern Canada) based on peat bog 
cores. Atmospheric Environment, 79, 831 -840. 
Prospero, J.M., Ginoux, P. , Tones, 0. , Nicholson, S.E. et Gill , T.E. (2002). 
Enviro1m1ental characterization of global sources of atmospheric soi! dust 
identified with the NIMBUS 7 total ozone mapping spectrometer (TOMS) 
absorbing aerosol product. Reviews ofGeophysics, 40(1), 1-31. 
Pye K. (1987). Aeolian dust and dust deposits. Academie Press Inc. , London, pp. 325. 
Rea, D .K. ( 1994 ). The paleoclimatic record provided by eolian deposition in the deep 
sea: The geologie history ofwind. Reviews ofGeophysics, 32(2), 159-195. 
Reynolds, R.L. , Mordecai, J.S. , Rosenbaum, J.G. Ketterer, M.E., Walsh, M.K. et 
Moser, K. A. (2009). Compositional changes in sediments of subalpine lakes, 
Uinta Mountains (Utah): evidence for the effects of human activity on 
atmospheric dust inputs. Journal ofPaleolimnology, 44(1), 161 -175. 
Roos-Barraclough, F. et Shotyk, W. (2003). Millennial -scale records of atmospheric 
mercury deposition obtained from ombrotrophic and minerotrophic peatlands 
in the Swiss Jura Mountains. Enviromnental Science & Technology, 37(2), 235-
244. 
Sapkota, A., Cheburkin, A.K. , Bonani, G. et Shotyk, W. (2007). Six millem1ia of 
atmospheric dust deposition in sou them South America (Isla Navarino, Chile). 
The Holocene, 17(5), 561-572. 
Shotyk, W. (1988). Review of the inorganic geochemistry ofpeats and peatland waters. 
Earth-Science Revie1Vs, 25, 95-176. 
18 
Shotyk, W., Chebmkin, A.K. , Appleby, P.G., Fankhauser, A. et Kramers, J.D. (1996). 
Two thousand years of atmospheric arsenic, antimony, and lead deposition 
recorded in an ombrotrophic peat bog profile, Jura Mountains, Switzerland. 
Earth and Planetary Science Letters, 145(1-4), E1-E7. 
Shotyk, W. et Krach] er, M. (20 1 0). The isotopie evolution of atmospheric Pb in central 
Ontario sin ce AD 1800, and its impacts on the soils, waters, and sediments of a 
forested watershed, Kawagama Lake. Geochimica et Cosmochimica Acta, 
74(7), 1963-1981. 
Shotyk, W., Krachler, M., Martinez-Cortizas, A. , Cheburkin, A.K. et Emons, H. 
(2002). A peat bog record of natural, pre-anthropogenic emiclunents of trace 
elements in atmospheric aerosols since 12 370 14C yr BP, and their variation 
with Holocene climate change. Earth and Planetary Science Letters, 199(1-2), 
21-37. 
Shotyk, W., Weiss, D., Appleby, P.G. , Cheburkin, A.K., Frei, R. , Gloor, M. , K.ran1ers, 
J.D. , Reese, S. et Van Der Knaap, W.O. (1998). History of atmospheric lead 
deposition since 12,370 14C yr BP from a peat bog, Jura Mountains, 
Switzerland. Science, 281(5383), 1635-1640. 
Shotyk, W. , Weiss, D. , Kramers, J.D. , R. , F. , Chebmkin, A. , Gloor, M. et Reese, S. 
(200 1 ). Geochemistry of the peat bog at Etang de la Gruère, Jma Mountains, 
Switzerland, and its record of atmospheric Pb and lithogenic trace metals (Sc, 
Ti, Y, Zr, and REE) since 12,370 14C yr BP. Geochimica et CosmochimicaActa, 
65(14), 2337-2360. 
Steinmam1, P. et Shotyk, W. (1997) . Chemical composition, pH, and redox state of 
sulfur and iron in complete vertical porewater profiles from two Sphagnum peat 
bogs, Jma Mountains, Switzerland. Geochimica et Cosmochimica Acta, 61(6), 
11 43 -11 63. 
Tarnocai C., Kettles, LM., et Lacelle. B. (2005). Peatlands of Canada Database 
Research Branch, Agriculture and Agri-Food Canada, Ottawa, Ontario, 
Canada, digital database. 
Tarnocai, C. et Stolbovoy, V. (2006). Chapter 2: Northern peatlands: their 
characteristics, development and sensitivity to climate change Peatlands: 
Evolution and Records of Environmental and Climate Changes. (Martini , IP, 
Martmez Corti zas, A., and Chesworth, W. éd. , Vol. 9, p. 17-51). Amsterdan1 : 
Elsevier. 
Tegen, I. et Fung, I. (l 994). Modeling of mineral dust in the atmosphere: Sources, 
transport, and optical thickness. Journal of Geophysical Research: 
Atmospheres, 99(Dl1) , 22897-22914. 
Vanneste, H., De Vleeschouwer, F., Martfnez-Cortizas, A. , von Scheffer, C., 
Piotrowska, N. , Coronato, A. et Le Roux, G. (2015). Late-glacial elevated dust 
deposition linked to westerly wind shifts in southern South America. Scientific 
Reports, 5. 
Vanneste, H. , De Vleeschouwer, F. , Bertrand, S. , Martinez-Cortizas, A. , 
Vanderstraeten, A. , Mattielli, N. , Coronato, A. , Piotrowska, N., Jeandel , C. et 
19 
Le Roux G. (Soumis). Elevated dust deposition in Tierra del Fuego (Chile) 
resulting from Neoglacial Darwin Cordillera glacier fluctuations. Journal of 
Quaternary Science. 
Wanner, H. , Beer, J. , Bütikofer, J. , Crowley, T.J., Cubasch, U. , Flückiger, J. , Goosse, 
H. , Grosjean, M. , Joos, F. , Kaplan, J.O., Küttel, M. , Müller, S.A., Prentice, I.C. , 
Solomina, 0., Stocker, T.F. , Tarasov, P. , Wagner, M. et Widmann, M. (2008). 
Mid- to Late Holocene climate change: an overview. Quaternary Science 
Reviews, 27(19- 20), 1791-1828. 
Weiss, D. , Shotyk, W. , Rieley, J. , Page, S., Gloor, M., Reese, S. et Martinez-Cortizas, 
A. (2002). The geochemistry of major and selected trace elements in a forested 
peat bog, Kalimantan, SE Asia, and its implications for past atmospheric dust 
deposition. Geochimica et Cosmochimica Acta, 66(13), 2307-2323. 
Woodland, W.A. , Charman, D.J. et Sims, P.C. (1998). Quantitative estimates ofwater 
tables and soi! moisture in Holocene peatlands from testate amoebae. The 
Holocene, 8(3), 261 -273. 
Yin, Y. , Wurzler, S. , Levin, Z. et Reisin, T.G. (2002). Interactions of mineral dust 
particles and clouds: Effects on precipitation and cloud optical properties. 
Journal ofGeophysical Research: Atmospheres, 107(D23), 19-14. 
CHAPITRE I 
LATE HOLOCENE ATMOSPHERIC DUST DEPOSITION IN EASTERN 
CANADA (ST. LAWRENCE NORTH SHORE) 
Steve Prattea,b*, Michelle Garneaua and François De Vleeschouwerb 
a GEOTOP, Université du Québec à Montréal, C.P. 8888 Succursale Centre-Ville, 
Montreal, Canada 
b ECOLAB, Université de Toulouse, CNRS, INPT, UPS, France 
Sous presse dans The Holocene doi : 10.1177/0959683616646185 
21 
RÉSUMÉ 
A l'aide de la géochimie élémentaire, les apports de poussières atmosphériques 
minérales furent reconstruits dans deux tourbières (Baie et Île du Hâvre (IDH)) le long 
de l'Estuaire et du Golfe du Saint-Laurent, dans l 'est du Canada. Les ' léments terres 
rares ainsi que d'autre éléments lithogéniques furent mesurés par ICP-AES et Q-ICP-
MS dans deux profil s de tourbe couvrant les 4000 dernières années. Des analyses en 
composantes principales réalisées sur les profil s géochimiques des deux tourbières 
montrent que les terres rares affichent le même comportement géochimique que Al, Ti 
et Zr, tous des éléments conservatifs dans les tourbes. Cette similarité suggère 
l' immobilité des terres rares dans les séquences de tourbe étudiées et valide leur 
utilisation en tant qu' indicateur d'apports de poussières atmosphériques minérales. Les 
flux de poussières, reconstruits à partir de la somme des terres rares, montrent des taux 
variant entre 0.2 et 3.8 g m-2 a- 1 pour le site de Baie, alors qu ' il s sont inférieurs au site 
IDH avec des valeurs entre 0.1 et 1.2 g m-2 a- 1• La tourbière Baie a enregistré deux 
périodes d'apports de poussières accrus, 1750-1 000 cal a BP et 600-100 cal a BP, 
correspondant à des périodes de refroidissement du climat documentées dans la 
littérature. Ces deux périodes ont été identifiées comme des épisodes d' instabilité 
climatique pouvant avoir été provoquées par des changements du régime des vents dans 
la région. Les plus faibles taux de dépôt enregistrés à IDH s'expliquent en partie par 
l'emplacement du site d'étude, qui a limité les apports de poussières atmosphériques 
notamment par 1' effet protecteur de la frange forestière qui le ceintme. 
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ABSTRACT 
Dust deposition in two ombrotrophic peatlands (Baie and IDH bogs) along the Estuary 
and Gulf of the St. Lawrence in eastern Canada was reconstructed using elementa l 
geochemistry. The rare earth elements (REE) and other lithogenic element 
concentrations were measured by ICP-AES and Q-ICP-MS in two peat cores spanning 
the last 4000 years. Principal component analyses on the geochemical profiles show 
that REE display the same behavior as Al, Ti, Sc· and Zr, ali conservative elements, 
which suggest that REE are immobile in the studied peat bogs and can be used as tracers 
of dust deposition. Plant macrofossils were also used to infer past envirorunental and 
humidity changes. The dust fluxes were reconstructed using the sum of REE (L:REE). 
The range of dust deposition varies from 0.2 to 3.8 g m-2 a- 1 in the Baie bog, while the 
IDH bog shows lower fluxes ranging between 0. 1 and 1.2 g m-2 a-1• The highest dust 
fluxes in the Baie bog were recorded from 1750 to 1000 cal BP and 600 to 100 cal BP 
and occur at the same time as periods of high variability in the macrofossil record (i.e. 
successive layers dominated by Sphagnum or Ericaceae). The timi rig ofthese events in 
the dust and macrofossil records also cmTesponds to documented cold periods. These 
two periods have been identified as episodes of climatic instability, which could have 
been caused by changes in the wind regime. 
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1.1 Introduction 
Mineral dust plays an important role in the global climate system having effects on 
radiation budgets and the chemical composition of the atmosphere (Goudie and 
Middleton, 2001; Harrison et al., 2001) . Atmospheric mineral dust can affect the 
biogeochemical cycles of severa! elements in marine (Meskhidze et al., 2003) and 
terres trial environments (Goudie and Middleton, 2001) by supplying nutrients. 
Fluctuations in atmospheric dust can be indicative of changes in climatic conditions 
which are related to changes in various factors such as precipitation, temperature, wind 
regime or vegetation cover. 
Paleoclimate records have shown greater dust deposition during glacial compared to 
interglacial periods. For example, dust deposition was 80 times greater during the Last 
Glacial Maximum (LGM) in comparison to the Holocene (Fischer et al., 2007). While 
variations in dust deposition during the Holocene are not of the same magnitude as 
those occurring on a glacial-interglacial scale, the complex spatial and temporal 
variability in climate during this period was important enough to affect dust production 
and transport (Albani et al., 2015; Wmmer et al., 2008). Past variability in dust 
deposition a11d sources has been reconstructed in a range of archives, for example, ice 
cores (Albani et al., 2012; Delmonte et al., 2008; Zdanowicz et al., 2000), marine 
sediments (deMenocal et al., 2000; Rea, 1994), lake sediments (Mischke et al., 2010) 
and loess deposits (Bettis et al., 2003; Muhs and Budahn, 2006). Despite the 
importance of atmospheric dust, the number of continental records of their changing 
rates and sources remains Jimited. 
Recently, there has been an increased interest in using peatlands as archives of past 
variability in atmospheric dust deposition (De Vleeschouwer et al., 20 14). 
Ombrotrophjc peatlands (peat bogs) receive their nutrients and water almost 
exclusively from atmospheric deposition (Chambers a11d Charman, 2004). Peatlands 
present otber advm1tages: they are broadly distributed, hence easily accessible, and 
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show relatively high accumulation rates allowing high temporal resolution 
reconstructions. In comparison to ice cores, which record mainly long-range transport 
of atmospheric particles, peat bogs also record dust inputs from local and regional 
sources (Le Roux et al., 20 12; Marx et al., 201 0). 
The geochemical analysis of peatland archives bas helped to identify changes in dust 
deposition linked to the Younger Dryas in Switzerland (Le Roux et al. , 2012; Shotyk 
et al., 2001 ), SE Asia (Weiss et al., 2002) and Ti erra del Fu ego (Vannes te et al., 20 15), 
the Sahara aridification (Le Roux et al. , 2012) and the Little lee Age (LIA) in Europe 
(De Vleeschouwer et al., 2009). However, some questions remain asto under which 
conditions dust events are recorded. De Vleeschouwer et al. (2009) observed increases 
in dust deposition during LIA dry episodes in northern Poland while ether studies · 
recorded some peaks during periods of climate instability (wet or dry shifts) (de Jong, 
Schoning and Bjorck, 2007; De Vleeschouwer etal. , 2012). The timing ofsome dust 
deposition episodes with known climatic events can also differ. For example, Le Roux 
et al., (20 12) reported a Saharan dust event at 8.4 decoupled from the 8.2 event, which 
could have played a role in the onset of the latter. Hence, further research is needed to 
clarify the dust-clirnate linkage. 
Over North America, continental dust records are scar·ce ar1d mainly consist of loess 
deposits from the Great Plains, Mississippi Valley and Alaska (Muhs, 2013), which 
usually caver glacial-interglacial or milletmial time-scales but lack sufficiently high 
resolution for the 1-Iolocene. Furthermore, only a limited number of paleoclimatic 
studies have been conducted in the peatlands of eastern Car1ada. 
The climate of eastern Canada is currently governed by the relative strength of three 
major air masses (Bryson, 1966; Bryson and Hare, 1974). Mild, dry Pacifie winds enter 
the region from the west; cold , dry Arctic air arrives from the north and northwest; 
warm, moist tropical maritime air cornes from the south. Eastern Canada Holocene 
elima te history bas been characterized by a mid-Holocene thermal maximum ( ~4000 
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cal BP; Viau et al. , 2006). The proximity of the residual Laurentide lee Sheet delayed 
this warm period relative to other regions of boreal North America. Long-term trends 
in paleohydrology were also linked with other periods of climate change such as the 
Neoglacial and LIA coolings or the Medieval Warm Period (MWP) (Garneau et al., 
2014; Magnan and Garneau, 2014). The climatic studies available in the region have 
focused on successional vegetation changes and/or surface humidity in relation to 
climate (Charman et al. , 2015 ; Hughes et al. , 2006; Magnan and Garneau, 2014; 
Magnan, Garneau and Payette, 20 14). In Newfoundland, Hughes et al. (2006) 
suggested that bog surface wetness (BSW) over the Holocene was controlled by a 
combination of oceanic and solar forcing. Magnan and Garneau (2014) reconstructed 
late Holocene contrasted hydrological responses in peat bogs along the Estuary and the 
Gulf of the St. Lawrence. They suggested that a greater subarctic influence in the Gulf 
of the St. Lawrence explained the different responses recorded in each region. These 
results were based on paleohydrological and paleoecological proxies such as testate 
amoebae, plant macrofossils and peat humification and interpreted as pro xi es of surface 
htm1idity, although they can also be influenced by temperature (Barber and Langdon, 
2007; Lamentowicz et al., 201 0) or differentiai decomposition in the case of 
humification (Hansson et al. , 20 13). Furthermore, they may be parti ally interdependent 
and can be influenced by site specifie factors other than climate (Caseldine et al. , 2000; 
de Jong et al. , 2010; Magnan and Garneau, 20 14; Sullivan and Booth, 20 11 ). In 
contrast, dust deposition is independent of bog ecohydrological dynan1ics and is a 
function of particle availability and atmospheric transport and deposition (Maher et al. , 
201 0). Accordingly, paleo dust records in eastern Canada may provide complementary 
information about past climate variations in the region. 
The present study is a first attempt to reconstruct dust deposition using two continuous 
peat bog records from the North Shore of the Gulf and the Estuary of the St. Lawrence, 
eastern Canada. This paper aims at 1) reconstructing changes in atmospheric dust 
deposition using lithogenic elements, namely Al, Ti , Sc and rare earth elements (REE); 
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2) investigating the relationship between dust fluxes and hydroclimatic variability 
during the late Holocene using plant macrofossil analyses and 3) reconstructing the 
paleoclimatic events occurring on the Nmih Shore of the St. Lawrence and comparing 
these with other regional records . 
1.2 Material and Methods 
1.2. 1 Study sites 
The Baie peatland (49°04 'N, 68°14' W; 1.5 lan2, 15 m.a.s .l.) is a Sphagnum-dominated 
treeless raised bog located on the Manicouagan delta, 20 km southwest of Baie-
Carneau, at the eastern end of the Lower St. Lawrence Estuary (Fig. 1.1 ). The southern 
border of the peatland (700 m from the coring site) is open towards the coast of the St. 
Lawrence Estuary, where beaches occupy the coastline. More than 4.5 rn of peat bas 
accumulated over marine silt-clay sediments originating from the Laurentian 
transgression that ended arotmd 4400A200 cal BP (Bernatchez, 2003; Magnan and 
Garneau, 20 14). Deposits at a higher altitude(> 14 m.a.s.l .) consist ofsilt-sand deltaic 
tenaces which emerged following the withdrawal of the Goldthwait Sea from 8 ka 
(Bernatchez, 2003). A closed boreal forest dominated by Picea mariana, Abies 
balsamea? and Be tula papyrifera covers most of the deltaic deposits (Sauvé, 20 16). 
The bog surface vegetation is dominated by Sphagnum .fuscum, S. capillifolium, 
ericaceous slu·ubs (Chamaedaphne calyculata, Kalmia angustifolia and Rhododendron 
groenlandicum) and sparse dwarf Picea mariana on the hllim11ock microforms, while 
the lawn microforms are mainly composed of S. rubellum, Vaccinium oxycoccos, 
Andromeda polifolia and Eriophorum spp. 
The Ile du Havre peatland (JDH) (50°13'N, 63 °36' W, 0.5 km2, 31 m.a.s.l.) is a bog, 
raised at its center, located on a 12 km2 island two kilometers offshore in the eastern 
part of the Mingan archipelago in the Gulf ofSt. Lawrence (Fig. 1.1 ). Peat accumulated 
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in a depression over silty-clay sediments. At its deepest part, peat thickness reaches 
about 6.25 m, accumulated since ca 7650 cal BP. The w1derlying bedrock consists of 
Ordovician limestone intersected by layers of shale and sandstones from the Mingan 
formation (Grondin et al. , 1980; Poole et al. , 1970). The islands of the archipelago are 
characterized by cuesta landforms with cli ffs to the north and gentle slopes towards the 
south (Grondin et al., 1980). The peatland being located at the north-east side of the 
island, the surrounding topography is characterized by cliffs and steep slopes. The 
coastline of the island (600 m away from the peatland) is dominated by pebbles and 
sandy beach es. A closed forest dominated by Picea mariana occupies large parts of the 
island, while depressions are occupied by peatlands (Grondin et al., 1980). 
The peatland is treeless and the dominant plant species are ericaceous slm..tbs 
(Chamaedaphne calyculata, Kalmia angustifolia and Empetrum nigrum) along with 
Sphagnum fitscum, Cladina spp. and isolated stands of dwarf Picea mariana. The 
hummock microforms at the center of the peatland are dominated by a variable 
combination of S. fitscum, Cladina spp., Empetrum nigrum and Rubus chamaemorus, 
while hollows are dominated by S. rubellum and Carex bmosa. 
1.2.2 Coring and subsampling, bulk density and ash content 
A core was retrieved from the deepest part of each peatland, using a stainless steel box 
corer (1 Ox 10 cm width; Jeglum et al., 1992) to sample the upper meter and a Russian 
sampler (7.5 cm diameter; Jowsey, 1966) for the deeper sections. The cores were 
collected from two holes approximately 30 cm apart in an overlapping manner to 
ensure complete stratigraphie recovery. The cores were wrapped in plastic film , 
transferred into PVC tubes and stored in a freezer (-20°C). In the laboratory, the cores 
were sli ced frozen at l-em intervals (Givelet et al., 2004) using a stainless steel band 
saw at Ecolab (Toulouse, France). Each slice was rinsed with milliQ water and the 
edges of each subsample trinm1ed away to a void any contamination from the saw. The 
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thickness of each slice was then measured again to evaluate the loss from the slicing 
and correct the mid-point depth of each sample. The slices were then subsampled for 
each type of analyses. The bulk density of the samples was determined by measuring 
the volume using a vernier caliper and weighting subsequently the samples fresh and 
then freeze-dried. The ash content, as a surrogate of the mineral matter content, was 
obtained by ashing each subsample at 550°C for 6h to remove all organic matter by 
combustion (Chambers, Beilman and Yu, 20 11). 
1.2.3 Plant macrofossil s 
Plant macrofoss il analyses were performed at systematic 4-cm intervals and refined (2-
cm intervals) where visual changes in the stratigraphy were noted. Subsamples ( 4 cm3) 
were gently boiled in di sti lled water wi th addition of 5% KOH and carefully sieved (> 
125 !lm). Macrofossils were scanned using a binocular microscope (x10-x40) and 
identified using reference collections (Garneau, 1995 ; Mauquoy and Van Geel, 2007). 
Plant macrofossils were expressed as volume percentages (%)representative of cover 
estimates in a Petri dish (Sphagnum remains, ligneous fragments etc.) except seeds, 
leaf fragments and charcoal fragments, which were reported as numbers (n). 
Cenococcum sclerotia and Myrica gale leaves/seeds were sca led from 1 to 5 ( 1 =rare, 
5=abundant). Sphagnum were determined to the highest taxonomie leve! possible based 
on stem and branch leaf cbaracteristics using a photonic microscope (x40-x l 00). 
Terminology fo ll ows Marie-Victorin (1995) for vascular plants and Crum and 
Anderson (1979) and Ireland (1982) for bryophytes. Zonation of the macrofossil 
diagrams was made using constrained cluster analysis by sum-of-square (CONISS) in 
psimpoll 4.25 . 
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1.2.4 Chronological control 
The chronological control of the cores IS based on 14C AMS dates and 210Pb 
measurements. For 14C dating, only aboveground plant macrofossils were selected 
based on a protocol developed by Mauquoy et al. (2004), in order to ensure a better 
accmacy of dates. Most of the macrofossils consisted of Sphagnum spp. stems (Table 
1.1 ). When Sphagnum were not sufficient to provide enough material for dating, other 
types of macrofossils were selected (Larix laricina and Picea mariana needles, 
Ericacea leaves, etc.). A total of24 samples (14 and 11 for Baie and IDH respectively) 
were submitted to the Keck-CCAMS facility (Irvine, USA) for AMS radiocarbon 
dating. 
Lead-210 activity was determined in the uppermost peat layers after extraction of its 
granddaughter product, 210Po, from 0.5 g of powdered bulk peat spiked with a 209Po 
yield tracer following a sequential extraction .HN03-HCl-HF-H202 digestion (Ali et al. , 
2008). Measurements were realized on a a -spectrometer (EGO Ortec 476A) at 
GEOTOP Research center (UQAM, Montreal). The Constant Rate of Supply (CRS) 
mode! was subsequently applied to build 210Pb age-models (Appleby, 2002). The 
measurement uncertainties (Tables 1.2 and 1.3 ), corresponding to one-sigma, were 
calculated from counting statistics. The atmospheric, or excess CZ 10Pbex), is used to 
determine the chronology of environmental records. Supported 210Pb activity, i.e. 
produced in situ, was estimated by the analysis of deeper samples in each core (Fig. 2) 
in order to determine at which depth the 21 0Pbex was not present anymore, bence the 
1 imi t of the dating teclmique (Le Roux and Marshall, 20 11). Age-depth mo dels were 
generated by combining both 14C and 210Pb dates using the BACON software package 
(Blaauw and Christen, 2011). The radiocarbon dates were calibrated using the 
Int rCal13 N orthern Hemisphere terrestrial calibration cmve (Reimer et al. , 20 13) 
integrated in the BACON package. 
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1.2.5 Chemical analyses 
Ail geochemical sample preparations were performed under clean laboratory 
conditions ( class 1 00) using acid-cleaned labware. Approximately 100 mg of powdered 
peat samples were acid-digested w1til complete dissolution, using a series of steps 
(HN03 + HF, then H20 2) in Savillex® beakers on a hot plate (Le Roux and De 
Vleeschouwer, 201 0). In a nw11ber of sam pl es, an additional step involving aqua re gia 
was necessary to fuily digest the organic matter. The major element (Al, Ti, Ca, Fe, K 
and Na) analyses were made by ICP-OES at Ecolab laboratory (Toulouse, France) on 
a Thermo Electron IRIS Intrepid II. The trace element measurements (Sr, Rb, Zr, Sc, 
Pb, Th, U and REE) were completed on an Agitent Teclmologies 7500ce Q-ICP-MS at 
Observatoire Midi-Pyrénées, in Toulouse. Prior to ICP-MS analyses, samples were 
diluted and an In-Re spike was added for internai normalisation process. 
The analytical performance was monitored tlu·ough reference materials (NIST 1515 
Apple leaves, NIST 1547 Peach leaves, NIST 1575a Pine needles, GBW07604 Bush 
branches and leaves, and NIMT/UOE/FM/00 1 peat). Measmements obtained by ICP-
OES were general! y within 10% of certified values with the exception of Al 
concentrations which vary between 6 and 17%. The elements measmed by ICP-MS 
were ail within 15% of certified values with the exception of Sc (22% ), Lu ( 19%) and 
Ce (16%). The reproducibility of digestion procedure was evaluated by repeated 
analyses of NIST 1515 (n=5), NIST 1547 (n=5), GBW-07063 (n=4) and 10 peat 
samples (each n=2) and was generally better than 20%. The procedura1 blanks for the 
elements analyzed were < 15 ppt for trace elements and < 1 ppm for Al, Ca, Ti, K, and 
Na. 
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1.2.6 Dust flux 
The rate of deposition of atmospheric dust, i.e. the dust flux , can be calculated using 
the concentration of a lithogenic element, bulk density of the peat and the rate of peat 
accw11 ulation. Assuming that "soil dust" contains lithogenic elements in the same 
concentration as the Earth' s crust, the concentration of dust is normalized to the upper 
continental crust (Wedepohl, 1995). The dust fltlX was calcuJated using the SW11 ofREE 
concentrations (!lg g- 1) in the bulk peat using the following equation (Shotyk et al., 
2002}: 
Dust flux (g m-2 a- 1) = (L:[REE]samplei.L[REE]ucc)*PAR *bulk density* 10000. 
with L:[REE]sample the stm1 ofREE concentrations ().lg g- 1) in a sample, L:[REE] ucc the 
sum ofREE concentrations in the upper continental crust (144.3 ).lg g- 1; (Wedepohl, 
1995), the peat bulk density (g cm-3) and PAR which is the peat accumulation rate (cm 
a- 1). The accumulation rate is multiplied by 10000 to obtain a value in m-2 instead of 
cm-2 . 
1.2. 7 Statistics 
A principal component analysis (PCA) was performed on the eJemental concentrations 
in each peat profile using SPSS 22.0.0 software. A PCA can help in the inference of 
the sources and processes affecting the distribution of the chemical elements. The PCA 
was performed in correlation mode on previously log transformed (loglO) and 
standardized (z-scores) data to avoid scaling effects, using a varimax rotation which is 
a fixed orthogonal rotation that maximizes the loadings of the variables on the 
components (Eriksson el al., 1999). The z-scores were calculated as (Xi-Xavg)/Xstd, 
where Xi is the variable (i.e. concentration of the element), while Xavg and Xstd are the 
series average and standard deviation of ali samples for the variable Xi. Since we are 
working with chemical elements, the components will contain elements with similar 
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records, likely controlled by the same environmental factors. Hence, by using PCA, the 
chemical signais tend to be clearer and the w1derlying factors controlling them are more 
easily identified and interpreted. 
1.3 Results 
1.3.1 Clu-onologies 
For both cores, the range of calibrated radiocarbon ages of the dated peat layers are 
presented in Table 1.1 , while the supported and unsupported 2 10Pb activities and CRS 
modeled ages are reported in Tables 1.2 and 1.3 . The age-depth models cover the period 
of 4500 cal BP to present and 7650 cal BP to present in the Baie and IDH cores 
respectively (Fig. 1.2). The Baie core reveals a rather constant peat accumulation rate, 
with a relatively high average value of 1.0 mm a- 1 from the base of the core to 52 cm 
below the surface. An important diminution in accumulation rates is registered between 
52 cm and 36 cm yielding an average of 0.4 mm a- 1• From 36 cm towards the surface, 
the accumulation rates are much lùgher and correspond to the acrotelm. 
The IDH core displays a mean accumulation rate of 0.4 nun a-1 from peat initiation at 
623 cm tmtil 554 cm (Fig. 1.2). Accumulation rates are higher between 554 and 452 
cm with a mean of 1.11m11 a-1• Between 452 and 70 cm, the IDH core shows a relative! y 
constant accumulation rate of 0.8 mm a-1• As in the Baie core, from 70 cm towards the 
surface, the accumulation rates are much higher and correspond to the acrotelm. 
1.3 .2 Plant macrofossils 
The main changes in macrofossil composition are reported in Figure 1.3 and Tables 1.4 
and 1.5. Following peat inception at ca. 4500 cal BP, the Baie bog displays a high 
mineral content (ash content > 10%) and a dominance of Cyperaceae (Fig. 1.3; zone 
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B-1). Zones B-2 (4470-4340 cal BP ) and B-3 (4340-3940 cal BP) show high amounts 
of wet and mineral rich taxa such as Lm-ix laricina, Myrica gale (B-2), Cyperaceae, 
brown masses and Sphagnum section Cuspidata (B-3). Zone B-4 (3940-2270 cal BP) 
is characterized by the replacement of S. section Cuspidata by S. section Sphagnum at 
the bottom followed by Sphagnum section Acutifolia, namely S. rubellum/capillifolium 
to the top of the zone. Zones B-5 (2270-1240 cal BP) is dominated by S. fitscun'l with 
intermittent layers ofEricaceae/woody debris and unidentified organic matter (UOM) 
with presence of charcoallayers (130 and 154. 1 cm). In zone B-6 (1250-590 cal BP), 
S. rubellum/capillifolium gradually replaces S. fuscum to dominate the vegetation 
assemblages. Similarly to zone B-5, zone B-7 (590 cal BP-1950AD) is characterized 
by high amounts of S. fuscum interspersed with layers of Ericaceae debris and UOM. 
Finally, in zone B-8 (1950 AD to present), a combination of S. fusatm and S. 
rubellum/capillifolium dominates again the vegetation composition. 
Ile du Havre peatland initiated at ca. 7650 cal BP over silty-clay sediments. The first 
three zones, namely IDH-1 (7650-7 175 cal BP), IDH-2 (7175-5150 cal BP) and IDH-
3 (5150-4750 cal BP), are characterized by minerotrophic taxa dominated by 
Cyperaceae, Menyanthes trifoliata, Myrica gale, brown masses Cinchdium stygium, 
Calliergon giganteum, Scorpidium scorpioides and Warnstorfia spp. and other 
bryophytes such as Sphagnum teres and S. section Cuspidata (Fig. 1.4 and Table 1.5). 
Zone IDH-4 (4750 to 291 0 cal BP) is cha.racterized by a dominance of Sphagnum 
fuscum and S. rubellum/capillifolium with high amount of Ericaeae rootlets and wood 
fragments . In zone IDH-5 (291 0-2365 cal BP), S. rubellum/capillifolium is the most 
abundant specie in the assemblages reaching up to 75%. Zone IDH-6 (2365-2000 cal 
BP), is still dominated by S. rubellum/capillifolium but a short period between 2200 
and 2000 cal BP is characterized by abundant Larix laricina needles and Myrica gale 
leaves. In zone IDH-7 (last 2000 years), S. fuscum is the dominant species with 
relatively high an1otmt of S. rubellum/capillifolium. 
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1.3 .3 Principal Component Analyses on elemental geochemistry 
Tlu·ee principal components (PC) were extracted in the Baie record, accounting for 
92% of the total variance (Fig. 1.4a). The first PC explains 63% of the variance and is 
characterized by positive loadings of U, Th, REE, Zr, Sc, Ti, and Al. The factor score 
profile displays several peaks, mainly between 200-100 cm (1760-1 030 cal BP) and 
60-25 cm (650 cal BP-1955 AD). PC2 accounts for 20% of the variance and has 
positive loadings for K, Rb, Na and Pb. The factor scores of PC2 show relatively 
constant values up to 40 cm, where they increase towards the surface. Rb, Na and K 
concentrations display low values except at 29.7 cm and near the surface (Fig 1.4). The 
PC3 ex plains 9% of the variance and Ca and Sr show high positive loading factors. The 
factor scores of PC3 show a decreasing trend from the base of the profile un til 200 cm, 
where they increase and remain relatively constant towards the surface. 
In the IDH profile, two principal components were extracted, accounting for 90% of 
the variance (Fig. 1.4b). The first PC explains 70% of the variance and shows high 
loading factors for all REEs, U, Zr, Al, Sc, Th and Ti. The factor score profile shows a 
'see-saw' pattern with several peaks at 400-378 cm (3910 to 3700 cal BP), 335 cm 
(3130 cal BP), 206 cm (1810 cal BP), 143 cm (875 cal BP) and 40-30 cm (1955AD to 
1925AD). The second PC ex plains 20% of the variability and includes Pb, K, Na, Rb 
and high negative loadings with Sr, Ca. The factor scores for PC2 display a large peak 
between 70 cm and 20 cm. 
1.3.4 Dust flux 
The sum of REE was selected to reconstruct dust fluxes as REEs show very hi gh 
loading factors in both bog's PCl. With the presence of an aluminum smelter in the 
region ofthe Baie bog and a Ti mine close to the IDH bog, these two elements were 
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not used to reconstruct dust fluxes. Zirconium is known to be enriched in certain 
mineral phases, mostly zircons (Shotyk et al. , 2002) and therefore was not used as weiL 
lfwe exclude the basal minerotrophic phase, the dust flux of the Baie profile can mainly 
be divided into four phases. A first phase from ca. 3800 to ca. 1760 ca l BP (Fig. 1.6a), 
shows a relative stability with flux es ranging from 0.5 to 1.1 g m·2 a·' (mean: 0.81 ±0.28 
g m·2 a·'). This period is followed by a period of increased dust fluxes ranging from to 
0.68 to 3.81 g m·2 a·' , with greater variability (mean: 1.83±0.84 g m·2 a·'), between ca. 
1760 and ca. 1000 cal BP. From ca. 1000 to ca. 650 cal BP, dust fluxes reach their 
lowest values in the core (mean: 0.24±0.09 g m·2 a· ') fo llowed by a period of high 
variability with higher fluxes averagmg 1.31 ±0.3 1 g m·2 a· ' , which lasted until 
1960AD. 
The dust flux of the IDH profile shows less variability and a lower rate of particle 
accumulation (Fig. 1.6a). The profile shows an average dust flux of 0.4 g m·2 a· ' with 
four peaks of interest. A peak reaching 2.1 g 111-2 a·' is observed between ca. 4100 and 
3700 cal BP. A second peak reaching 0.9 g 111-2 a·' is regi stered at ca. 3130 cal BP. Then 
the dust flux shows little variability until ca. 875 cal BP where a third peak is observed 
(1 .5 g m·2 a· '). After this, the dust flux remains relatively low and stable until 191 OAD 
where it increases again up to 2.7 g m·2 a·' and higher fluxes (mean: 1.43±0.85 g 111-2 a· 
1) persist until the present-day. 
1.4 Discussion 
1.4.1 Trophic status of the peatlands 
The o111brotrophic conditions of the Baie and IDH cores are confirmed by their 
ecological and geoche111ical characteristics. In the Baie bog, Cyperaceae, brown 111osses 
and Sphagnum section Cuspidata, i.e. species ind icative of minerotrophic conditions, 
do111inate the assemblages from the base until3800 ca l BP (Fig 1.3; zones 1 to 3; Table 
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1.4 ). Plant macrofossil record (Fig. 1.3) suggests a rapid transition from fen to bog with 
a persistence of ombrotrophy from 3800 cal BP to the present-day as also reported by 
Magnan, Garneau and Payette (2014). The ombrotrophy is further confirmed by the 
low ash content ( < 5%) (Tolonen, 1984) in the core above 440 cm (Fig. 1.3). 
In the IDH core, the first three zones in figure 1.4 are composed of species typical of 
minerotrophic conditions, i.e. dominance ofCyperaceae, brown mosses and Sphagnum 
teres (Fig. 1.4 and Table 1.5). Macrofossils and major elements suggest that 
ombrotrophy was reached at about 445 cm of depth (Fig. 1.4 and 1.5b ). The appearance 
of Sphagnumfuscum and S. rubellum/capillifolium at the end of zone IDH-3 (5000 cal 
BP) indicates a transition from a fen to a bog environment (Fig. 1.4 and Table 1.5). 
The low Sr(< 30 ppm) and Ca values(< 0.5%) (w1derlying limestone substratum) are 
also consistent with ombrotrophic conditions (Shotyk et al., 2001 ). However, the low 
concentrations of lithogenic elements further down core suggest that their supply was 
mainly atmospheric approximately 500 years earlier (Fig. 1.5b), which is confirmed by 
the low ash content (Fig. 1.4). 
1.4.2 Paleoenvironmental/paleoclima tic changes from macrofossils 
In the Baie macrofossil record (Fig. 1.3), the period between 38_00 and 2100 cal BP 
shows stability with assemblages typical of a lawn microfonn (Sphagnum 
rubellum/capillifolium and S. section Sphagnum with Ericaceae rootlets). Between 
2100-1250 cal BP (zone B-5) and 500 cal BP to 1950AD (zone B-7), a lower water 
table probably linked to drier climatic cond itions as well as a greater variability in the 
hydro-climatic conditions are suggested by the changes in vegetation assemblages (S. 
fuscum, severa! peaks ofUOM and Ericaceae and two charcoallayers) . The dominance 
of S. section Acutifolia almost throughout the core suggests relatively dry conditions 
over the studied period with substitutions by Ericaceae and UOM indicating even drier 
periods. 
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In the IDH ombrotrophic section (Fig. 1.4), zone IDH-4 (4750-2900 cal BP) is 
characterized by the dominance of Sphagnum fuscum and Sphagnum 
rubellum/capilifolium and the presence of Ericaceae rootlets, which indicates drier 
conditions than in the previous sections. In zones 5 and 6 (2910-2000 cal BP), S. 
rubellum/capillifolium dominates the assemblages, which suggests relatively more 
humid conditions similar to a lawn microform. A short period between 2200 and 2000 
cal BP is cha:racterized by abundant Larix laricina needles and Myrica gale leaves, 
which can be explained by more humid conditions or a retu:rn to minerotrophic 
conditions (IDH-6). Over the last 2000 years (IDH-7), little variability is observed in 
the assemblages in which S.fuscwn is the dominant species with relatively high amount 
of S. rubellum/capillifolium. The high presence of S. section Acutifàlia and Ericaceae 
remains in the ombrotrophic section suggests relatively dry conditions over the entire 
period. 
1.4.3 Drivers of the geochemical signal 
Principal component analyses were realized in order to identify variables (i.e. chemical 
elements) with similar behavior and likely to be controlled by the san1e processes. The 
PCA analyses focussed on the last 4300 years in the Baie core and 5500 years in the 
IDH cores. PC1 display high positive loading factors with alllithogenic elements (U, 
Th, REE, Zr, Sc, Ti, and Al) (Fig. 1.5). The fact that REEs load on the same PC as 
other lithogenic elements, known for their conservative nature, such as Ti and Sc, 
confirms that REEs are immobile in the peat column as suggested in Krachler et al. 
(2003) and Aubert et al. (2006). Since alllithogenic elements are associated with PCl 
in both cores, it reflects the mineral content of the peat from dust deposition, probably 
derived from soil erosion. In both cores, PC2 shows high loading factors for Na, Rb, 
K, Pb (Fig. 1.5) and represents a combination of different controlling factors of the 
geochemical profiles . Lead has a history of anthropogenic use and is known to be 
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emitted as by-product of human activities. It shows an increase from the beginning of 
the 19th century and a peak in the 1950-1970' s (Gallon et al. , 2005; Pratte, Mucci and 
Garneau, 2013). Elements such as Rb, K and Na are all essential elements known to be 
bioaccumulated by bog vegetation, which would ex plain the increase in the factor score 
at the surface (Damman, 1978; Steimnam1 and Shotyk, 1997). The presence of a sand 
layer at 29.7 cm depth in the Baie core likely explains the emichment in Rb, K, Na but 
also in other lithogenic elements. Furthermore, the low values, except in the above 
mentioned layers probably explain the fact that these elements are on the same 
component as Pb although they normally do not display similar geochemical behaviour 
in the peat column. Calcium and strontium show high loading factors on the PC3 in the 
Baie core, while they show high negative loadings with PC2 in the IDH core (Fig. 1.5). 
Diagenetic processes, such as changes in redox conditions and upward leaching from 
basal sediments following mineral dissolution, are known to affect the mobility of Ca 
and Sr in peat (Steinmatm and Shotyk, 1997). Both cores show a graduai decrease in 
Ca and Sr concentrations (less negative values in the case of the IDH core) over time 
up to the fen to bog transition, which suggests upward leaching from the basal 
sediments (Shotyk et al. , 2001 ). Hence, PC3 in Baie bog and the Ca and Sr part of PC2 
in the IDH core will not be discussed fmiher as they do not provide information about 
dust deposition or origin. 
1.4.4 Paleoclimatic events recorded by the dust records 
Period 4100 to 3700 cal BP. Between 4100 and 3700 cal BP, the IDH core displays 
increased dust fluxes (mean: 0.95±0.76), greater factor scores for PCl (Fig. 1.5b) and 
a greater proportion ofEricaceae remains, suggesting slightly drier conditions (Fig 1.6a 
and c). Although the Baie record covers this time period, it will not be discussed 
because the dust signal was not solely atmospheric in origin which renders its 
interpretation di ffi cult in terms of past elima te. Several archives recorded a dry episode 
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at low and mid-latitudes around 4200 cal BP (Booth et al., 2005 and references therein), 
while the higher latitudes recorded more humid conditions (Yu et al., 2003). Mayewski 
et al. (2004) repoli a strengthening of the westerlies over North America from 4200 to 
3800 cal BP, which is in agreement with studies conducted in eastern North America 
(Almquist et al., 2001; Jessen et al. , 20 11 ). Hence, the combination of drier conditions 
to the south and increased westerly strength could explain the increased dust deposition 
in the IDH bog over the period. 
Period 3700 to 1750 cal BP. The Baie and IDH records show relative stability in the 
dust flux at ca. 3800-2000 cal BP (mean: 0.81±0.28 g m-2 a- 1) and ca. 3700-2000 cal 
BP (mean: 0.45±0.17 g m-2 a- 1) respectively, although some slight increases are 
observed in both records (Fig. 1.6a). The macrofossils composition also shows stability 
over this period with the dominance of Sphagnum rubellum/capillifolium (Fig. 1.3, 1.4 
and 1.6b and c) . Other regional sh1dies have shown rather stable water table depths 
(Fig. 1.6d), carbon accumulation rates and summer sea-surface temperature (Fig. 1.6; 
SST) during this period (Lemay-Tougas, 2014; Magnan and Garneau, 2014; Magnan, 
Garneau and Fayette, 2014). At IDH, a trend toward lower dust deposition is observed 
from ca. 3600 to ca. 3000 cal BP and , for the same period, higher WTD was reported 
in a peat bog along the shore of the Gulf ofSt. Lawrence (Magnan and Garneau, 2014). 
In the same record, a graduai drying of the peat surface is documented after 3000 cal 
BP reaching its maximum arow1d 1900 cal BP. Over the same period (3000-1900 cal 
BP), both dust records do not display significant changes. The macrofossil analyses as 
well as the low dust fluxes recorded in both Baie and IDH bogs during this period 
suggest a rather stable wind and climatic regime, which is supported by other records 
(Fig. 1.6d, f and g) although a number of regional records (Fig 1.5e) suggest a dryer 
climate in the region of the IDH bog, not recorded by our pro xi es. 
The apparent discrepancies bet\veen our dust records and the biological proxies could 
be explained by their different response time to changes. Furthermore, these proxies 
40 
can be controlled by internai processes during certain periods (Sullivan and Booth, 
2011 ). In contrast to the biological pro xi es, dust deposition is not affected by internai 
processes, bence, regardless of the geographical scale, it is likely more strongly linked 
to climate. 
Period 17 50 to 1000 cal BP. The highest dust fluxes were reco rded during the period 
from 1750 to 1000 cal BP, with values ranging between 1.2 and 3.8 g m-2 a- 1 (mean: 
1.83±0.84 g m-2 a-1) (Fig. 1.6a), while macrofossils show several changes in species 
composition (Fig. 1.3 and 1.6b ), with several peaks in Ericaceae remains and charcoal 
horizons. The IDH bog recorded a lower dust flux (mean: 0.39±0.16 g m-2 a- 1) over the 
same time period. Although, a relatively warmer climate is suggested from 14C 
production (Fig 1.6h), the different peaks recorded during this period correspond with 
periods of higher 14C production, i.e. lower insolation (Bond et al. , 2001 ; Chambers, 
Ogle and Blackford, 1999). The lu ghest dust flux values in the Baie bog are recorded 
when summer SST was at its warmest at ca. 1500 cal BP as indicated by a marine core 
in the St. Lawrence Estuary (Fig. 1.6g; Lemay-Tougas, 2014). Afterwards, a decrease 
of summer SST and sea-surface salinity (greater precipitation) centered at ca. 1200 cal 
BP is reported (Lemay-Tougas, 2014). 
All the records in Figure 5 agree, that a trend towards more humid conditions occurred 
around ca. 1750 cal BP. Furthermore, both the Newfoundla.nd (BSW) and the t:.. 14C 
records show greater variability from 1750 cal BP (Fig. 1.6f and h). The same 
variability is observed for the dust flux and the macrofossil assemblages in the Baie 
record. Testate amoebae assemblages from records in the Baie-Comeau region also 
display species associated with periods of high decadal to centemüal hydroclimate 
variations (Magnan and Garneau, 201 4 ). This period is therefore characterized by a 
ce1tain degree of hydroclimatic instability expressed by high variabili ty of vegetation 
and testate amoebae assemblages and higher dust loads as in Europe. For example, de 
Jong et al. (2007) noted peaks in aeolian activity during hydro logical shifts regardless 
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of their direction (wet or dry) in South Sweden. In Belgium, De Vleeschouwer et al. 
(2012) also suggested that higher dust loads were favoured by hydroclimatic 
instabilities (i.e. shift towards wet or dry periods) . In these studies, changes in humidity 
were therefore associated wi th intensifications in atmospheric circulation (de J ong et 
al. , 2007; De Vleeschouwer et al., 2012). In our records, this hypothesis is supported, 
especially in the Baie bog, which displays higher dust fluxes during a period where 
other biological proxies show high variability. Such instability could be explained by 
a change in atmospheric circulation. Around 1650±200 ca l BP, Viau et al. (2002) 
identified a major transition in pollen records of North America (including our study 
regions) associated with a rearrangement of atmospheric circulation. Furthermore, 
cooling events during the Late Holocene in eastern Canada were associated with the 
incursion of Arctic air masses (Carcaillet and Richard, 2000; Girardin et al. , 2004 ), 
which could partially explain the occurrence of dust peaks with cold events and 
increased hydroclimatic instability. 
'Medieval Warm Period ' (MWP). In both study regions, the Medieval Warm Period 
(roughly 1000-650 cal BP) is characterized by higher WTD around 700 cal BP in peat 
bogs (Fig. 1.6d and f). Further east, Hughes et al. (2006) also reported a wet shift 
between 900 and 7 50 cal BP. Arseneault and Payette (1997) reported grea ter tree 
growth associated to warmer conditions ( 1000-800 cal BP) in northern Que bec wh ile 
Lemay-Tougas (2014) observed slightly cooler and wetter conditions from a record of 
sw11mer SST (1200-800 cal BP Fig. 1.6g) and sea-surface salinity. Following this 
period, the summer SST record is characterized by a transition towards a warmer/drier 
climate. The discrepancies in the age of the different events in the marine record could 
be ascribed to the lower dating control compared to our record or to slower response 
of the oceanic system relative to changes. In both Baie and IDH records, a diminution 
of Ericaceae remains and increase of Sphagnum rubellum/capillifolium suggest a 
slightly wetter climate. This period is also recorded in the dust fluxes and PC1 factor 
scores (Fig. 1.5) from Baie (mean: 0.24±0.09 g m·2 a· ') and IDH (mean: 0.60±0.52 g 
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m-2 a-1), which display lower values, usually typical for a wet period. This has already 
been observed by Filion (1984), who reported lower aeolian activities in parallel with 
warmer and/or moister conditions during the same period in Northern Quebec. The 
1000-650 cal BP period is therefore characterized by warmer but also wetter 
conditions. 
'Little lee Age' (LIA). Following the MWP, the Little lee Age, is characterized by a 
period of increased dust fluxes in the Baie bog between 650 and 100 cal BP (mean: 
1.31±0.31 g m-2 a- 1) , where values reach 2.3 and 1.7 g m-2 a- 1 at 540 and 150 cal BP 
respectively, while IDH bog shows small peaks around 600-400 cal BP and 200 cal BP 
(mean: 0.36±0.16 g m-2 a- 1). Factor scores ofPC1 also display higher values during this 
period in the Baie core but do not show any change in the IDH core (Fig. 1.5). 
Macrofossil assemblages in both cores suggest dry conditions and display high 
variability in the Baie core (Fig. 1.3), similar to the previous period of increased dust 
deposition (1750-1 000 cal BP). Previous research in northem Quebec showed a dry 
shift between 530- 350 cal BP (Loisel and Garneau, 2010), while cooling associated 
with wet shifts were reconstructed in a peatland in Newfoundland around 600 and 200 
cal. BP (Fig. 1.6; Hughes et al. , 2006). Moreover, Magnan and Garneau (2014) 
observed differences between the Baie-Comeau and Havre St-Pierre regions, the latter 
being drier dming the LIA (Fig. 1.6) influenced by longer frost duration periods linked 
to a greater subarctic influence. The timing of the dust peaks during the LIA in the Baie 
record also corresponds with minima in solar activity (6 14C). The first peak (650-400 
cal BP) encompasses both Sporer and Maunder minima, while the second peak (150-
1 00 cal BP) corresponds with the Dalton minimum. The LIA is therefore characterized 
by calder conditions, but the wetness probably varied from one region to another, with 
sorne places being drier than others in relation to longer frost duration under the 
influence of arctic air masses . 
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A more meridional atmospheric circulation or a stronger north polar vortex have been 
proposed to explain greater dust deposition and colder temperatures in Greenland 
(GISP2 core) during the LIA (O'Brien et al., 1995). Likewise to the period between 
1750 and 1000 cal BP, such a change in atmospheric zonal and meridional circulation 
may as weil bave affected mid-and low-latitude circulation, which could explain the 
increase in dust deposition in our bogs dming the LIA. A more meridional circulation 
could have allowed more frequent intrusion of cold and dry Arctic air masses. This is 
further confirmed by a transition in North American pollen records during the LIA 
which would have been provoked by a reorganisation of atmospheric circulation 
potentially linked to a solar forcing (Viau et al., 2002). The relative agreement between 
increases in dust deposition in the Baie record and solar minima supports this 
hypothesis. 
ModernPeriod (1850AD to present). Bothpeat bogs recorded peaks in dust flux (mean: 
0.98±0.42 g m-2 a- 1 and 1.43±0.85 g m-2 a- 1 for Baie and IDH cores respectively) 
following 1850AD (1 00 cal BP), which are likely anthropogenic in origin. More 
precisely a large peak is found in both cores following the 1930s. The North shore was 
increasingly developed dming this period with the development of severa! towns 
among them Baie-Comeau, located 20 km no1ih-east from Baie bog, and Havre St-
Pierre, two k.ilometers north of IDH bog on the mainland shore. The land clearance 
probably increased the amot.mt of dust available for transport and can explain the high 
fluxes over this period. The construction ofhydropower dams (1960-1985AD), and an 
aluminum smelter, in the region of Baie bog and the development of mining activities, 
more precisely a T i mine (1950AD), near IDH bog have most likely contributed to the 
dust signal recorded in the two regions. The so cal led "dust bowl", a period of severe 
drought conditions dming the 1930s in the Central US was proposed as a potential 
con tri butor to dust deposited in Greenland ice over this period of time (Donarummo, 
Ra.m and Stoermer, 2003). However, iso topie analyses (Nd and Pb isotopes) of the 
mineral fraction in the peat would be needed to verify the presence of dust from Central 
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US in our peat bogs over this period. The factor scores of PC2 for both cores, which 
includes Pb, show a sharp increase from 100 cal BP until the 1970s (Fig. 1.5). The 
timing of this increase in Pb concentrations is in agreement with the historical use of 
leaded gasoline (Gallon et al., 2005; Pratte et al. , 20 13) and further confirms that both 
study regions were impacted by antlu·opogenic acti vities over the last century. 
1.4.5 Discrepancies between the two records 
The two studied peat bogs show differences in the magnitude of the dust signal. A 
potential explanation would be that both archives record a more regional scale signal 
or are affected by different air masses since the two sites are found in a zone of mixing 
air masses (Fig. 1.1 ). The two study regions are located more than 500 km ap8lt and 
likely developed in diffe rent climatic contexts. Distinct regional signais were already 
reported by Magnan and Garneau (20 14) using testa te amoebae, with drier conditions 
and greater variability on peat bogs near IDH, which are located in the forest tundra 
ecozone, more exposed and influenced by the Labrador CmTent (Fig. 1.6). 
The discrepancies between the two records could also be, at ]east partially, ascribed to 
within-bog spatial heterogeneity. The use of a single core per site could limit the 
representativeness of the records for the whole bogs as vegetation and micro-
topography affect the capture and retention effi.ciency of atmospheric p81ticles (Bindler 
et al. , 2004). The difference between hummocks 811d hollows is well establi shed, where 
hummocks are known to have higher interception of atmospheri c p81·ticles (Norton, 
Evans and Kahl, 1997; Oldfield et al. , 1995). However, both records were collected 
onto low hummock microfonns with simil 81· plant composition (i.e. Sphagnum fitscum 
and S. rubellum/capi!lifolium domi nat d), which reduces the potential for the dust flux 
to be controlled by spatial heterogeneity. Fmt hermore, both records display similar 
2 10Pb inventories of 0.32 and 0.35 kBq m·2 for Baie and IDH respectively, which is 
similar to the inventory of 0.36 kBq m·2 in another record fro m the Baie bog (Pratte et 
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al. , 2013). These similar 210Pb inventories are as expected (Le Roux and Marshall, 
2011) given the similar average annual rainfall in both area (1 000 mm; Enviro1m1ent 
Canada, 201 0). This suggests that particle deposition has not been overly affected by 
the micro-topography or vegetation in the present study. 
Although previous studies suggest that the Havre St-Pierre region was exposed to a 
drier and colder climate, the IDH bog did not record any significant increase in dust 
deposition during these periods, which could be explained by the availability of dust 
partiel es. While the peatlands along the coast of the Gulf of St. Lawrence are largely 
exposed to wind and long freezing seasons (Magnan and Garneau, 2014), the IDH 
peatland may have been protected by the tree fringe that surrounds its open center, 
which may have acted as a barrier for dust accumulation. Furthermore, the fact that the 
peatland is located on an island about two kilometers offshore probably contributed to 
the lower dust fluxes. For changes in climatic/wind regime to be recorded in peat bogs, 
specifie conditions need to be met. For example, changes in wind regime and climatic 
conditions were recorded as a result of the presence of sand dunes and/or seashore 
providing erodible material to cetiain peat bogs of notihern Europe (de Jong et al., 
2007; De Vleeschouwer et al., 2009). The same conditions can be applied to Baie bog, 
which is located near the seashore. Although IDH bog meets similar requirements, it 
does not record the variations in dust deposition. This discrepancy could be ascribed to 
the afore-mentioned "isolation" of the peatlands, which would prevent the deposition 
of a part of the dust. 
To summarize, results from the two dust records and comparison with other regional 
records highlight the importance of local and regional factors on Late Holocene 
variations in climate and dust deposition in eastern Canada. 
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1.5 Conclusion 
Using peat cores recovered from two peat bogs in the Estuary (Baie) and Gulf (IDH) 
of the St. Lawrence in eastern Canada, 4000 years of paleodust deposition was 
reconstructed using REE concentrations. Plant macrofossils and ether records of past 
surface wetness (testate amoeba) from the literature were used to reconstruct 
hydroclimatic variations over the same period. Principal component analyses showed 
that REE display the same behavior as ether conservative lithogenic elements in the 
peat colunm (Ti, Al, Zr), bence they can be used to reconstruct mineral dust deposition 
in peat. Both cores show periods of increased dust deposition. The Baie bog shows the 
greatest variability with peaks between 1750-1 000 cal BP and 600-100 cal BP. During 
both periods, comparison with macrofossils assemblages and ether surface humidity 
records suggests periods of climatic instability (wet or dry shift) which affected dust 
deposition. A reorganisation of atmospheric circulation during these periods is 
proposed to explain this instability. The agreement between the dust deposition record 
in the Baie bog and past solar minima suggest that dust deposition increased during 
cold periods. Over the last 100 years, dust deposition in both peat cores has been 
affected by anthropogenic activities which increased the atmospheric dust loads 
through different processes (land clearing, mining, smelting) in both regions. 
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Figure 1.1 Map ofNorth America showing the main air masses over the region 
(from Bryson, 1966; Bryson and Hare, 1974) (A) . Location of the Baie and IDH 
peatlands (B) and main records discussed in the text including 1) Baie and Lebel bogs 
(Magnan and Garneau, 2014); 2) Mort and Plaine bogs (Magnan and Garneau, 2014); 
3) COR0602-42 marine core (Lemay-Tougas , 2014); 4) Nordan ' s Pond bog (Hughes 
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Figure 1.2 Age-depth models for Baie (top) and IDH (bottom) cores constructed 
using BACON software (Blaauw and Christen, 2011) using both 210Pb and 14C dates . 
The gray bands encompass ali possible age-depth models whereas the dotted !ines 
represent the 95% confidence intervals . The red dotted line represents the weigbted 
mean age of eacb modeled sample. Purple symbols indicate calendar age distribution 
of 14C dates and light blue symbols show 21 0Pb ages derived from the CRS mode!. 
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Figure 1.3 Macrofossil diagrams, ash content and bulk density for Baie core. 
Peat type (%): Sphagnum (light grey) , other masses (white) , ligneous (dark grey), 
Cyperaceae (horizontallines) and unidentified organic matter (black). 
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Figure 1.4 Macrofossil diagram, ash content and bulk density for IDH core. Peat 
type (%): Sphagnum (light grey), other mosses (white), ligneous (dark grey), 
Cyperaceae (horizontallines) and unidentifi ed organic matter (black) . 
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Figure 1.5 Communalities accounting for each element's variance allocated to 
each principal component, log lü of Ca, Na, K, La and Pb concentrations as weil as 
factor score profiles for each PC for Baie (top) and IDH (bottom) cores. The red tine 
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a) Atmospheric dust fluxes (g m·2 a·') in Baie and IDH, b) % of 
Sphagnum and Ericaceae in Baie (this study), c)% of Sphagnum and Ericaceae in IDH 
(this study), d) mean water table depth (WTD) for every 200 years from two peatlands 
in Baie-Comeau (Baie and Lebel ; B-C) region (Magnan and Garneau, 2014 ), e) mean 
WTD for every 200 years from two peatlands in Havre St-Pierre (Mort and Plaine; 
HSP) region (Magnan and Garneau, 2014), f) bog surface wetness (BSW) from 
Newfoundland (Hughes et al_ , 2006), g) sea surface temperature (SST) from 
COR0602-42 (Lemay-Tougas, 2014), h) 6 14C curve (Reimer et al. , 20 13). The blue 
areas correspond to periods of increased dust deposition discussed in the text. 
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Table 1.1 Results of 14C AMS measurements, calibration and description of 
samples for the Baie and IDH cores. 
Site and Depth La bora tory 14C age 2a range Materia l dated 
sample (cm) number (BP) (ca l a BP) 
Ba ie 
45 5 1.6 UC IA IS- 425± 15 48 1-5 13 Charred Picea mariana need les 
1295 10 
67 79.4 UCIAMS- 10 15±25 833-97 1 Sphagnum spp. stems 
15 1367 
106 105 .9 UC IAMS- 11 20± 15 977-1 059 Sphagnum spp. stems 
1295 11 
128 130.0 UC IAMS- 1275± 15 11 8 1-127 1 Charred Picea mariana need le 
1295 12 
15 1 155.2 UC IAMS- 1905±20 18 18- 1893 phagnum spp. tems 
135384 
173 179.3 UC IAMS- 1740±25 1570- 1709 Sphagnum spp. stem branche and 
129513 leaves, charred Picea mariana need les 
196 206.7 UC IAMS- 2250± 15 2 162-2336 Sphagnwn spp. stem 
1295 14 
2 17 233.0 UC IAMS- 2465± 15 2442-2704 Sphagnwn spp. stems 
1295 15 
232 250.2 UC IAMS- 2725± 15 2779-2853 phagnum pp. stems 
1295 16 
256 283.2 UCIAMS- 2900± 15 2963 -3 136 Sphagnum spp. stems 
1295 17 
286 32 1.8 UC IAMS- 3090± 15 3248-3362 Sphagnum spp. stems, Chamaedaphne 
1295 18 calyculata leaf fragments 
328 374.8 UCIAMS- 3590± 15 3842-396 1 Sphagnum spp. tems, Ericaceae leaf 
129519 fragmcms 
376 435 .3 UCIAMS- 3885± 15 4250-4409 Larix laricina needles 
129520 




69.7 135378 140±20 8-278 Sphagmtm spp. tems 
11 6 11 8. 1 UC IAMS- 760±20 670-726 Sphagmtm pp. stem 
135379 
137 143.6 UC IAMS- 905±20 763-910 Sphagnum stems, branches and leaves 
151363 
19 1 206.8 UC lAMS- 1900±20 18 15-1 896 Sphagnum stems 
151364 
220 240.7 UCIAMS- 2120±20 2007-2 150 Lan); laricina needles. Myrica gale and 
135380 Chamaedaphne ca/yeu lata leaf fragments, 
Sphagnum pp. stems 
286 3 18.9 UC!AMS- 2785±20 2804-295 1 Sphagnum spp. tems 
135381 
317 357.0 UCIAMS- 3320±20 3479-3607 Sphagnum spp. stems 
15 1365 
345 390.8 UC IAMS- 3480±25 365 1-3832 Sphagnum spp. stcms 
15 1366 
394 451.7 UC IAMS- 4380±20 4857-5033 Sphagnum spp. stems 
135382 
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478 554.3 UCIAMS- 4960±25 56 12-5737 Lan); laricina need le and seeds, Myrica 
135383 gale and Chamaedaphne ca/yeu lata leaf 
fragments 
535 624. 1 UCIAMS- 6950±25 7699-7839 Carex spp. seeds 
1236 19 
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Table 1.2 Results of 210Pb measurements and CRS modelling on Baie core 
Sam pie Depth 2 10Pb,o, activity 2 10Pbcx act ivity C RS 2 10Pb Uncerta in ty 
(cm) (Bq kg- 1) (Bq kg-1) age (AD) (a) 
Baie 2 1.7 332 3 16 20 10 1 
Ba ie 3 2.9 500 484 2008 1 
Ba ie4 4.1 257 24 1 2006 1 
Baie 6 6.5 339 323 2003 
Baie 8 8.9 290 274 2002 
Baie JO Il 236 22 1 200 1 
Baie 12 13.4 323 308 1997 1 
Baie 14 15.7 358 343 199 1 1 
Baie 16 17.9 363 347 1987 1 
Baie 18 20.3 209 193 1984 2 
Baie 20 22.6 268 252 1979 2 
Baie 22 24.9 248 23 2 1974 2 
Baie 24 27.3 267 25 1 1966 2 
Baie 26 29.7 237 22 1 1953 3 
Baie 28 32. 1 24 1 225 192 1 4 
Baie 30 34.5 104 89 1869 8 
Baie 32 36.9 32 17 
Baie 34 39.1 16 0 
Baie 36 4 1.4 15 0 
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Table 1.3 Results of 210Pb measurements and CRS modelling on IDH core 
Sample Depth 210Pbtot Activ ity 210Pbex act ivity CRS 2 10Pb Uncerta inty 
(cm) (Bq kg- 1) (Bq kg· 1) age (AD) (a) 
IOH 1 0.8 449 436 20 10 1 
IOJ-12 2.4 480 468 2006 
101-13 3.6 436 423 200 1 
IOH 5 6.0 388 375 1997 
IDH 7 8.5 373 360 1993 
101-1 9 10.9 420 408 1990 
!OH I l 13.3 227 2 15 1987 
IDH 13 15.8 334 32 1 1983 
101-1 15 18.4 262 249 1980 1 
IOH 17 21.1 26 1 249 1976 2 
IOH 19 23 .8 193 180 1973 2 
101-121 26.4 215 202 1968 2 
10 1-1 23 29. 1 267 255 1958 3 
IDH 25 32.0 175 162 1948 3 
IDH 27 34.7 11 6 104 1938 4 
IOH 29 37.5 . 62 50 1933 4 
IOH 3 1 40.2 53 40 1928 5 
IOH 33 42.9 53 40 1920 5 
101-1 35 45.6 55 42 1909 6 
IOH 37 48.8 53 4 1 189 1 6 
IOH 39 5 1.2 59 47 1865 7 
101-I 4 1 53.6 39 26 
101-143 58.6 14 0 











8 - 1 
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Baie macrofossil zonations 
Depth Main characterist ics 
(cm) 
0-33 High presence of Sphagnum rubellumlcapi!Lifolium up to 60% with 
lower percentages of S. fuscum. · 
33 -65 Dominance of S.fuscum and diminution of S. rubellum/capillifolium 
presence (down to 20%). High presence of Cenococcum spp. 
sc lerot ia. Presence of charcoa l at the trans ition with zone 8-8. 
Recurren t peaks in UOM and Eri caceae rootlets. 
66-1 30 Co-domi na nce of Sphagnum fuscum and S. rubellum/capillifolium . 
Presence of Picea mariana needles. 
130-209 Dom inance of Sphagnum fuscum and disappearance of S. 
rube/lumlcapi/l ifolium. Occurrence of se veral peaks in UOM (up to 
50%) and Eri caceae rootlets . Presence oftwo charcoa l layers at 130 
and 154. 1 cm. High .abundance of Cenococcum spp. sc lerotia. 
209-382 High presence, reaching up to 84% of Sphagnum 
rubellumlcapillifolium. Presence of Sphagnum section Sphagnum 
peaking between 295 and 302 cm. 
382-433 High abundance of Cyperaceae and Calliergon stramineum. 
Numerous Larix laricina needles at the bottom of the zone. High 
percentage of Sphagnum section Cuspidata . 
448-433 High num ber of Myrica gale leaves and Larix laricina need les. Up 
to 50% ofEri caceae rootlets. 
448-453 Presence of Foramini fera tests and high abundance of Cyperaceae 























Ab undant S. ji1scum and S. rubellum/capillifo/ium together with 
numerous Eri caceae rootl ets . 
Dominance of S. rube/lum/capillifolium. Peak in Larix /aricina 
needles and presence of Myrica gale leaves at 23 0-250 cm. 
Dominance of Sphagnum ji1scum and S. rubellum/capillifolium. 
High propotiion of ericaceous rootlets. Presence of Picea mariana 
need les 
Sphagnum peat dom inated by S. fuscum and S. 
rubellum/capil/ifolium. 
Peak in Sphagnum teres and Dicranum spp.at 450-486 cm. 
Disappearance of brown mosses other than Dicranum spp. 
Presence of Menyanthes trifoliata and Myrica gale. fm portant 
diminution in Cyperaceae. 
Dominance of brown mosses Calliergon giganteum, Scorpidium 
scorpioides and Wamstatjia spp. Abundant Larix laricina needles 
and Myrica gale seeds and leaves. Presence of Menyanthes 
trifoliata seeds. 
High abundance of Cyperaceae and Bryum spp. at the base of the 
section. 
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RÉSUMÉ 
La composition géochimique des poussières atmosphériques minérales déposées dans 
deux tourbières ombrotrophes de l'Estuaire (Baie) et du Golfe (IDH) du Saint-Laurent 
fût déterminée. Les particules déposées furent caractérisées à 1' aide des concentrations 
des terres rares (REE), des isotopes du néodyme et du plomb ainsi que la granulométrie. 
Les deux profils présentent des valeurs de Nd similaires, ce qui s'explique soit par une 
source commune des poussières atmosphériques ou encore des sources distinctes, mais 
possédant des valeurs de eNd similaires dans les deux région . La combinaison des 
données de eNd avec celles des concentrations en REE et de tailles de particules a 
permis de mieux cerner la source des particules déposées sur les deux sites ainsi que 
d' inférer les conditions environnementales et climatiques passées. Les REE, le eNd et 
les tailles de patti cules suggèrent qu 'au cours des 2000 dernières am1ées, la tourbière 
de Baie a reçu une propmtion accrue de po ussières atmosphériques provenant de 
somces locales. Une augmentation de l' instab il ité locale en réponse à une instabi lité 
hydroclimatique régionale et une plus grande variabilité des températmes 
(principalement contrôlée par l' activité so laire) sont proposées afi n d' expliquer cette 
quantité accrue de poussières locales. Le même phénomène est observé dans Je profil 
de IDH depui s 620 ca l a BP. Cette période correspond au Petit Âge Glaciaire, une 
période pom laquelle des changements hydra-climatiques et paléo-écologiques ont déjà 
été documentés dans la région. Bien que les reconstructions des pa léo-poussières 
obtenues s' accordent relativement bien avec les autres reconstructions climatiques de 
la région, les diffl' renees observées ntTe les deux profils soulignent la structure 
complexe et variable des changements climatiques et plus particuli èrement des dépôts 
de poussières dans la région au cours de l'Ho locène récent. 
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ABSTRACT 
Dust deposited on two ombrotrophic peat bogs (Baie and IDH bogs) of the St. 
Lawrence Gulf and Estuary north shore was geochemically cha:racterized using REE 
concentrations, Nd and Pb isotopes along with particle grain size. Both cores display 
similar ENd values, which suggests either a common source or somces with similar 
signatmes in both regions. Combining Nd isotope data with REE patterns and particle 
size allowed for better insights into the source of deposited dust and the inference of 
past enviroru11ental and climatic conditions in both regions. REE elements, ENd and 
grain-size distribution suggest that, over the last 2000 years, the Baie bog received 
more local dust due to increased local storminess in response to regional hydroclimatic 
instability and temperature variations mainly controlled by solar activity. The same 
phenomenon occurred in the IDH bog si nee 620 cal a BP, i.e. dming the Little lee Age, 
where hydroclimatic and paleoecological changes have been previously documented. 
While the dust reconstructions and regional climatic records agree relatively well , the 
discrepancies between paleodust records highlight the complex and variable structu re 





Mineral dust pla ys a complex role in the climate system acting both as a factor affecting 
climate and as a function of it. For instance, mineral dust has effects on radiative 
budgets, chemical processes in the atmosphere and on the biogeochemical cycles of 
many elements (Goudie and Middleton, 2001; Meskhidze et al. , 2003). Reconstruction 
of past dust composition and fluxes is important in or der to increase our understanding 
of Holocene climate variability and biogeochemical cycles, hence, a greater number of 
paleo-dust studies are required. 
Un til recently, paleo-dust studies have mainly focused on ice cores (Gabrielli et al., 
201 0) and marine sediments ( deMenocal et al., 2000), while continental records 
focused mainly on loess deposits (Muhs, 2013). Similarly to ice cores, ombrotrophic 
peatlands (peat bogs) are fed exclusively by atmospheric deposition (Chambers and 
Charman, 2004) and can therefore provide reliable records of changes in aerosol 
composition over ti me (De Vleeschouwer et al. , 2014 ). These archives present two 
main advantages in comparison to ice cores: they are ubiquitous at middle to high 
latitudes and they are easy to date. The potential of peat bogs for the reconstruction of 
Holocene climate variability through the use of multiple indicators is weil established 
(de Jong et al., 2010 and references therein). Peat bogs are increasingly being used as 
archive of atmospheric dust deposition (Allan et al. , 2013 ; De Vleeschouwer et al., 
2012; Shotyk et al., 2002; Vanneste et al., 2015). 
Rare earth elements (REE) inherit the chemical signature of the ir source rock during 
weathering and their r.elati ve patterns are not sigruficantly affected by physical and 
chemical processes during transport (McLennan, 1989). Hence, REE have been used 
as tracers and reference elements in a broad range of environmental studies (Aubert et 
al., 2006; Chiarenzelli et al., 2001; Greaves, Elderfield and Sholkovitz, 1999). 
Radio genie isotope signatures of sediments, nam ely Nd and Pb, have also been used as 
a tool to trace the dust source as their isotopie ratios are unaffected by erosion and 
72 
transport. For exan1ple, Biscaye et al. (1997) used Nd isotopes in combination with Pb 
and Sr isotopes to show that Asian desert areas were the main source of soi! dust 
deposited over the Greenland ice sheet dming the Pleistocene. Peat bog records of 
temporal variability ofREE and Nd isotopes are stilllimited to a few sites but proved 
efficient in dust source tracing (Allan et al. , 2013; Aubert et al., 2006; Le Roux et al. , 
2012; Vanneste et al., 2015). For example, using a combination of dust flux and Nd 
isotope composition, Le Roux et al. (2012) demonstrated the importance of Saharan 
dust as a source over Western Europe dming the mid-Holocene. 
Most dust reconstTuction studies focus on arid regions whereas the higher latitudes 
have been overlooked. To date, few records ofterrestrial dust deposition exist in North 
America (Muhs, 2013; Neff et al., 2008) and consist mainly of loess deposits. Periods 
of enhanced dust deposition have been identified for the first time in two peat bogs 
from eastern Canada, although the somce of the dust deposited in these records is yet 
unknown (Pratte, Garneau and De Vleeschouwer, In press). Using a combination of 
REE concentrations, Nd and Pb isotopes as well as particle size data analysed from the 
same peat cores, we aimed at 1) characterizing the geochemistry of atmospheric 
mineral dust deposited in these peat profiles; 2) identifying potential changes in dust 
somces and 3) evaluating the links between climate variability (e.g. wind strength, 
direction) and the dust deposited into the peat bogs. 
2.2 Material and Methods 
2.2. 1 Sites description and sampling 
The Baie peatland (49°04 'N, 68°14'W; 1.5 km2 ; 15 m.a.s.l.) is a Sphagnum-dominated 
raised bog located on the Ma1ùcouagan delta, along the coast at the eastern end of the 
Lower St. Lawrence stuary (Fig. 2.1 ). More than 4.5 m of peat accumulated over 
marine silty-clay sediments originating from the Laurentian transgression from 6500-
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4300 cal a BP (Bernatchez, 2003 ; Magnan and Garneau, 2014). The peatland is open 
towards the coast of the St. Lawrence Estuary, where beaches occupy the coastline (700 
m from the coring site) . Deposits at a higher altitude(> 14 m.a.s .l.), onto which soils 
developed, consist of silt-sand deltaic tenaces emerged fo llowing the withdrawal of 
the Goldthwait Sea from 8 ka (Bernatchez, 2003). The regional bedrock is composed 
of rocks of Paleoproterozoic and Mesoproterozoic age from the Grenville province, 
mostly gneisses and granites (Fig. 2.1c). 
The Ile du Havre peatland (IDH) (50°13 'N, 63°36'W, 0.5 km2; 31 m.a.s.l.) is a raised 
bog dominated by Sphagnum masses, Ericaceous slu·ubs and Cladina spp. lichens and 
surrounded by a tree fringe mainly composed of Picea mariana. It is located on a 12-
km2 island, two kilometers offshore in the eastern part of the Mingan archipelago in 
the Gulf of St. Lawrence (Fig. 2. 1). Peat started to accumulate at ca 7800 cal a BP in a 
depression over silty-clay sediments (Pratte, Garneau and De Vleeschouwer, In press). 
At its deepest part, peat thickness reaches about 6.25 m. The islands of the archipelago 
are characterized by cuesta landforms with cliffs to the north and slopes tû\;vards the 
south (Grondin et al. , 1980). The peatland being located at the north-east side of the 
island, the smrounding topography is characterized by cliffs and steep slopes. The 
coastline ofthe island (600 m away from the peatland) is dominated by beaches, which 
compose the main unconsolidated sediments. The lmderlying bedrock consists of 
Ordovician limestone intersected by layers of shale and sandstone from the Mingan 
formation (Grondin et al. , 1980; Poole et al. , 1970). 
A core was retrieved from the deepest part of each peatland, using a stainless steel Box 
corer (10x 10 cm cross-section; Jeglum et al. , 1992) to sample the upper meter and a 
Russian sampler (7.5 cm diameter; Jowsey, 1966) for the deeper peat sections. The 
cores were collected from two hales approximately 30 cm apart in an overlapping 
manner to ensure complete stratigraphie recovery (see De Vleeschouwer, Chambers 
and Swindles, 2010 for more details). The cores were wrapped in plastic film , 
transferred into PV C tubes and stored in a freezer (-20°C) un til they were sliced frozen 
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at l -em interval (Givelet et al. , 2004) using a stainless steel band saw at Ecolab 
(Toulouse, France). 
Bottom sediment samples, from tmderneath the peatlands, as well as unconsolidated 
sediments, mineral soils (around Baie bog) and rocks from the surroLmding areas ( < 10 
km) ofboth study sites were collected (n = 10). The < 63 ~Lm fraction ofunconsolidated 
sediment and soil samples was dried and ground while rocks were eut and fresh 
material ground. 
2.2.2 Chronological control 
The construction of the age-depth models for both cores is described in detai l in Pratte, 
Garneau and De Vleeschouwer (In press). In brief, the chronology was constrained by 
210Pb activities measured in the uppermost layers of peat (35 and 52 cm for Baie and 
IDH respectively) by alpha spectrometry at GEOTOP Research center (UQAM, 
Montreal) and 25 14C AMS dates (13 and 11 for Baie and IDH respectively) on 
extracted abovegrow1d plant macrofossils . The 14C dates were processed at Keck-
CCAMS facility (Irvine, USA). The constant rate of supply mode! was applied to 
derive 21 0Pb ages of the upper part of the cores (Appleby, 2002). The measurement 
uncertainties (Tables 2.2 and 2.3), corresponding to one-sigma, were calculated from 
counting statistics. The atmospheric, or excess e' 0Pbex), is used to determine the 
chronology of envi rom11ental records. Supported 2 10Pb activity, i.e. produced in situ, 
was estimated by the analysis of deeper samples in each core in order to determine at 
which depth the 2 10Pbex was not present anymore, hence the limit of the dating 
teclmique (Le Roux and Marshall, 2011). Age-depth models were generated by 
combining both 14C and 210Pb dates using the BACON software package (Blaauw and 
Clu·isten, 2011). 
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2.2.3 Grain-size analyses 
Grain-size di stribution was determined on the water-insoluble fraction of the bulk peat 
samples using a Horiba LA-950 laser grain-size analyzer at Ecolab (Toulouse, France). 
This instrument measures the volume percent of selected bin-size ranges in samples 
from 0. 1 to 3000 f..tm. Prior to analyses, peat sample were ashed at 550°C fo r 6h in a 
muffle fumace. Samples were soaked in deionized water to dissolve potential pseudo-
minerais (salts) fonned during ashing, and submitted to ultrasounds to separate 
particles. A number of samples (up to 4 cm) were combined to provide enough material 
fo r analyses. The grain-size distribution of the samples was characteri zed in 70 classes. 
2.2.4 Elemental analyses 
Ali geochemical sample preparations were performed under clean laboratory 
conditions ( class 1 00) using acid-cleaned labware. Approximately 100 mg of powdered 
peat samples were acid-digested tmtil complete di ssolution, using a series of steps 
(HN0 3 + HF, then I-h 0 2) in Savillex® beakers on a hot plate (Le Roux and De 
Vleeschouwer, 201 0). In a number of sam pies, an additional step involving a qua re g ia 
was necessary to full y digest the organic matter. The sediments, soil fractions and rock 
samples were acid digested using a mixture of HN0 3 +HF, then HCI on a hot plate 
(Stevenson, Meng and Hillaire-Marcel, 2008). The major elements (Al and Ti) were 
analyzed by ICP-OES at Ecolab (Toulouse, France) on a Thermo Electron IRIS 
Intrepid II. The trace elements (Zr, Sc, Pb and REE) concentrations were measured on 
an Agitent Technologies 7500ce Q-ICP-MS at Observatoire Midi-Pyrénées (Toulouse, 
France) . Prior to ICP-MS analyses, samples were diluted and an In-Re spike was added 
fo r internai normalization process. 
The analytical performance was monitored through reference materials (NIST 1515 
Apple leaves, NIST 1547 Peach leaves, NIST 1575a Pine needles, GBW07604 Bush 
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branches and leaves, and NIMT!UOE/FM/00 1 peat). Measurements performed by ICP-
OES were generally within 10% of certified values with the exception of Al 
concentrations which accmacy was between 6 and 1 7%. The elements measmed by 
ICP-MS were ail within 15% of certified values with the exception of Ce (16%) and 
Lu (19%). The reproducibility of the digestion procedure was evaluated by repeated 
analyses ofNIST 1515 (n = 5), NIST 1547 (n = 5), GBW-07063 (n = 4) and 10 peat 
samples ( each n = 2) and was generally better than 20%. The procedural blanks fo r the 
element analyzed were <15 ppt for trace elements and <1 ppm for Al and Ti. 
2.2.5 Pb isotopes 
After measurement of Pb concentrations, a series of selected sample mother solutions 
were di luted to 500 J..lg g· ' for analyses by HR-ICP-MS at the Observatoire Midi-
Pyrénées (Toulouse, France) (Krachler et al. , 2004). Mass bias was controlled and 
corrected by standard bracketing of a 500 J..lg g· ' standard solution of SRM 98 1 between 
each sample. The 206PbP07Pb ratios obtained for the NIMT peat standard were 1.1772 
± 0.0007 compared to the reported value of 1.1763 ± 0.0004 (Y afa et al. , 2004). 
2.2.6 Nd isotopes 
Peat, rock, unconsolidated sediment and soil samples were prepared for Nd isotopes. 
Between 100 and 600 mg of dried peat ( 100 mg for the soil/sediment samples) was 
placed in oven at 550°C for 6 h, to remove ali organic matter by combustion 
(Chambers, Beilman and Yu, 2011 ). The resulting ashes were acid-digested in a 
mixtme of 16N HN03 and 23N HF in a proportion of 1:4 on a hot plate at l25°C for 
48h. To ensure complete dissolution, the residues were re-disso lved in 2 ml of 6N HCl. 
Residues were dissolved into lN HN03 and Nd was pmified by a passage tlu-ough two 
sets of colunms. Alkalis ( e.g. Ca, Rb, Sr) and REE were separated by a passage tlu·ough 
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Bio-Rad columns filled with pre-conditioned TRU Spec© resin (50-1 00 mesh) using 
di lute HN03 (0.05N). This solution was directly loaded onto pre-conditioned and pre-
calibrated LN Spec colunms and Nd was isolated sequentially from the other REE 
using dilute HCl (0.2N). The Nd solution was evaporated and dissolved another time 
in 2% HNOJ prior toNd isotopie measurements. 
The Nd isotopie measurements were performed using a MC-ICP-MS (multi-collector 
inductively coupled plasma mass spectrometer, Nu Plasma II) a GEOTOP-UQAM, in 
Montreal. Repli ca te analysis of the JNDi -1 Nd standard (Tanaka et al. , 2000) every 
five samples yielded a 143Nd/144Nd value of 0.5 12084 ± 0.000014 (2cr, n = 16). Mass 
fractionation was corrected to 146Nd/144Nd = 0.7219. Epsilon neodymium (ENd) was 
calculated according to DePaolo and Wasserburg (1976): 
êNd = 144Nd - 1 * 10000 ((
143Nd) ) 
0.512638 
where 0.51 2638 corresponds to the chondritic uniform reservoir (CHUR) and 
represents present-day average earth value (Jacobsen and Wasserburg, 1980). 
2.3 Results 
2.3.1 Chronology 
The result for radiocarbon measurements are presented in Table 2. 1, while 210Pb 
activity and CRS-models are presented in Tables 2.2 and 2.3 for the Baie and IDH 
cores respective! y. Complete detai ls for the measurements and age models are reported 
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in Pratte, Garneau and De Vleeschouwer (In press). Three periods with different 
accumulation rates were reconstructed in the Baie core (Fig. 2.2). Most of the core 
shows a relatively constant accumulation rate, with an average of 1.0 mm a- 1 from the 
base to 52-cm depth ( 4400-400 cal a BP). A second period with lower acctmlUlation 
rates is found between 52 and 32 cm (400-25 cal a BP: 0.4 mm a- 1) while the section 
between 32 cm and the surface displays values of 2-5 mm a- 1 and corresponds to the 
acrotelm, which is composed ofpoorly decomposed peat and living mosses. In the IDH 
core, five distinct periods of peat accumulation were identified. From the base of the 
core to 554 cm (0 .5 mm a· 1; 7100-5780 cal a BP), from 554 to 452 cm (1.1 mm a- 1; 
5780-4880 cal a BP), between 452 and 143 cm (0 .8 nm1 a- 1; 4880-870 cal a BP), from 
143 cm to 45 cm (1.2 mm a- 1; 870-35 cal a BP) and from 45 cm to the smface (3-5 mm 
a- 1; 35 cal a BP to present-day), which corresponds to the acrotelm. 
2.3.2 Grain-size analyses 
The grain-size distribution in the Baie and IDH records are shawn in Fig. 2.3. In the 
Baie record , partiel es of silt size (2-63 f.Lm) dominate while varying amounts of clay ( < 
2 f.Lm) and sand (63 ~un - 2 mm) particles are present. A relatively constant grain-size 
distribution is observed during the period 4400-2900 cal a BP (Fig. 2.3), with a median 
grain-size varying between 7.5 and 11 ~Lm. The median grain-size decreases to an 
average close to 2 f.l-111 between 2820 and 2640 cal a BP. Afterwards, a greater 
variability in the grain-size distribution is apparent with the occurrence of clays and 
very fine si lts, for short periods of time, and severa! "peaks" in grain size, displaying 
distributions that are less well-sorted (Fig. 2.3). The peat layer at 29.7 cm (-5 cal a BP) 
of depth has a high volume of sand-size particles. 
The grain-size distribution in the IDH record is also dominated by silt particles, but 
there are more clay-sized particles and less sand-sized pm·ticles than in the Baie record. 
From the bottom of the core until 5000 cal a BP, which represents the fen 
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(minerotrophic) section up to the fen-to-bog transition, the IDH core displays coarser 
grain-size distribution than the rest of the profile (Fig. 2.3). From 5000 to 4000 cal a 
BP, the median grain size ranges from 1.2 to 2.9 !lffi, while it shows more variability 
with values of 1.5-5.8 11m between 4000-2100 cal a BP. The grain-size decreases to 
values of 0.5-3 11m between 2100-1 500 cal a BP. From 1500 cal a BP towards the 
smface, the grain size of dust varies considerably with values ranging between 2.3 and 
10 !lm. The peat layer at 40.1 cm (110 cal a BP), is characterized by the presence of 
sand particles up to 2 mm. 
2.3.3 REE content 
All REE display similar depth profiles in each core and vary in parallel with other 
lithogenic elements such as Ti or Zr. This similar chemical behaviour was conflrmed 
by PCA analyses performed on the elemental profiles in both cores (Pratte, Garneau 
and De Vleeschouwer, In press). Lanthanum content ranges between 0.07 and 8.2 11g 
g·' in the Baie core, while it ranges between 0.05 and 19.8 11g g·' in the IDH core (Fig. 
2.4). In both cores, the highest REE concentrations and L:REE/Ti ratios are fotmd at the 
base, in the minerotroplùc and fen-to-bog transition (FBT) sections (455-380 cm in 
Baie and 623-500 cm in IDH). Individual REE profiles decrease gradually up to 435 
cm and 500 cm of depth in the Baie and IDH cores, respective! y. In the Baie core, REE 
concentrations and La/Sm ratios remain relatively low and constant between 435 and 
235 cm (4300-2600 cal a BP) as well as between 112 and 70 cm (1075 -640 cal a BP). 
They increase two- to fivefold, between 235 and 112 cm (2600-1075 cal a BP) and up 
to tenfold from 70 to 25 cm (640 to -25 cal a BP), while La/Sm ratios remain around 
0.9 for the former and increase to values near 1.4 in the latter sections. 
In the IDH core, apart fTom two periods when REE concentrations increased tlu·eefold 
between 413-313 cm (4170-2830 cal a BP) and 67-25 cm (1750 to -20 cal a BP), most 
of the REE concentrations are low and constant (Fig. 2.4). These changes in REE 
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concentrations are not reflected in the profiles of l:REE/Ti and La/Sm ratios as they 
display small variability tlu·oughout the ombrotrophic section (500-20 cm). From 20 
cm depth to the surface, the l:REE/Ti ratios decrease gradually. 
2.3 .4 Nd and Pb isotopes 
The ENd values range between -1 2.6 and -22.3 and from -11.8 to -21.0 in the Baie and 
IDH cores respectively, while the 206PbP 07Pb ratios vary between 1.168 and 1.2 15 in 
the Baie core and 1.1 22 and 1.253 in the IDH core (Tables 2.4 and 2.5) . Bottom 
sediments at the base of each core yielded eNd values of -2 1.3 and -1 9.2 and 206PbP 07Pb 
values of 1.123 and 1.138 in Baie and IDH respectively. Epsilon Nd values in the Baie 
core are at their highest (less negative) between 390 and 225 cm (4000-2500 cal a BP), 
with ENd of -1 2.6 to -1 3.3, while 206PbP 07Pb ratios of 1.201-1.215 are observed (Fig. 
2.4). From 225 cm to the top of the core (2000 cal a BP to present-day), eNd values 
show more vari ability and more negative values (between - 13.4 and -15 .2). The 
206PbP 07Pb ratios also display slightly more variability than the preceding period with 
ratios ranging between 1.188 and 1.206. Over the last 100 years, the 206PbP 07Pb ratios 
decrease to reach their minimum value of 1.168 near the surface . 
The minerotrophic section of the IDH core bas the most negative eNd values. At the 
base, E d values reach -2 1.3 at 620 cm (6975 cal a BP) and they increase toward s the 
fen-to-bog transition, reaching -17.9 at 500 cm (5330 cal a BP) (Fig. 2.4) . A second 
section of the core from 470 to 111 cm (5050-620 cal a BP) shows relatively stable 
ENd values ranging between -1 1.8 and -1 2.5 with a level (290. 7 cm) yielding a value 
of -13.2. From 111 cm towards the surface (620 cal a BP to the present-day), the eNd 
values decrease and di splay slightly more variability with values between -1 2.8 and -
15 .1. A simi lar trend is observed for the 206PbP 07Pb ratios, i.e. Jess radiogenic ratios in 
the minerotrophic section (1.12) with a graduai increase towards the FBT (1.18-1.20). 
Stable 206PbP 07Pb ratios (1.1 93 -1 .208) are also observed between 5330 and 620 cal a 
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BP. A sample at 67.1cm of depth (200 cal a BP) yielded a ratio of 1.25. Afterwards, 
206PbF07Pb ratios decrease towards the surface to reach a minimum of 1.167. 
2.4 Discussion 
2.4.1 REE distribution patterns 
The REE content of peat samples and surrounding soils, unconsolidated sediments and 
rocks, normalized to the Upper Continental Crust (UCC; Wedepohl, 1995), are shown 
in Fig. 2.5. Both Baie and IDB peat bogs have relatively homogeneous crustal-
normalized REE patterns. In the vicinity of the Baie bog, tmconsolidated sediments 
from the beach are characterized by a flat pattern without Eu anomaly. On the other 
hand, deltaic deposits, onto which soils developed, display slightly higher BREE 
content and positive Eu anomaly (Fig. 2.5). In the Baie bog, the samples in the fen 
section (447-435 cm) have a negative Eu anomaly and lower BREE than LREE, when 
compared to the FBT (435-380 cm) and bog samples (380 cm to the surface). This can 
be explained by the contribution from the bottom mineral sediments and local rocks 
such as gneisses. The other samples (FBT and bog) display an increasing influence of 
local sediments/soils with less negative (FBT) or no Eu anomaly (bog). The REE 
patterns in the bog section reflect a mixture of particles from the local soils and the 
beach. Over the last 1700 years, sorne samples (Fig. 2.5; Baie ' events') received a 
greater proportion ofparticles from the local soil as shown by the positive Eu anomaly. 
A greater number of these samples is found over the last 600 years, which comprises 
the Little lee Age (LIA) period. 
The REE for the local beach near IDH peatland show a flat pattern with a slight 
negative Eu anomaly and emichment in BREE, white the limestone also displays a 
negative Eu anomaly along with a MREE and BREE emiclunent (Fig. 2.5). Peat 
samples from the fen section (624-605 cm) have a negative Eu anomaly with an 
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enrichment in LREE. This reflects the contribution from the bottom sediments and the 
local limestone. The rather flat patterns of the FBT (605-523 cm) and bog (523 cm-
surface) sam pies reflect the increasing proportion of partiel es fro m the beach over the 
bottom sediments. 
2.4.2 Dust sources 
As mentioned previously, REE in the ombrotrophic section of each core vary in parallel 
with conservative elements such as Ti, Zr or Al (Pratte, Garneau and De Vleeschouwer, 
In press), which confinns that REE are immobile and preserved in the peat colunu1, 
therefore their concentrations are controlled by atmospheric deposition from local 
and/or regional sources (Aube1i et al., 2006; Kylander et al. , 2007). 
Usually, the REE composition and isotopie signature of dust is inherited from its source 
rock, allowing its fingerprinting (Aubert et al., 2006; Grousset and Biscaye, 2005; 
Kylander et al. , 2007). To identify the origin of the dust deposited in Baie and IDH 
bogs, ail peat samples and potential local and regional somces were plotted on a 
206PbP 07Pb vs eNd diagram (Fig. 2.6). The eNd exhibits a wide range in bath cor s, 
between -22 and -12, which suggests contrasting sources over the studied period. 
Figure 2.6 shows that samples from the minerotrophic and FBT have lower eNd ( -22 
to -17 and -21 to -17 in Baie and IDH respectively) and 206PbP07Pb (1.12-1.17 for Baie 
and 1.12-1.18 for IDH) signatures. The lower e d values in the fen section of each core 
is linked with a signjficant emichment in Nd content (Fig. 2.7). This is in agreement 
with the eNd values obtained from bottom sediments of Baie (-21) and IDH (-1 9) as 
weil as the grain-size di stribution, which shows the presence oflarger pm·ticles unli kely 
to have been transported over long distance (Fig. 2.3). The bottom sediments at bath 
sites represent a mixture of severa! sources that li kely explains the variability of the 
eNd of bath fen sections. In the vicinity of Baie bog, soils that developed over del taie 
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sediments, and beach sands exhibit eNd values of -17 and -19 respectively, while sandy 
beach sediments around IDH display a value of -19. 
The ombrotrophic sections of the Baie and IDH cores, which received particles of 
atmospheric origin only, possess a similar range of eNd and 206PbP 07Pb values (Fig. 
2. 6), although the eNd values for IDH are slightly Jess negative (-1 1.8 to -1 3. 1) tban 
Baie (-1 2.6 to -1 5) before 650 cal aBP. The overlapping eNd values ofboth cores with 
those from the Appalachians (Fage! et al., 2002) and St. Lawrence Gulf sediments 
(Fm·mer, Barber and Andrews, 2003) could be explained by a conunon source for 
particles deposited in each peatland. More likely, the similar eNd values in both cores 
could be explained by regional somces with similar Nd isotopie ratios as suggested by 
the fact that rocks in each region display similm· eNd values (Dickin, 2000; Dickin and 
Higgins, 1992). S imilarly, 206PbP07Pb ratios show more radio genie values over the 
same period (1. 19-1.21) and fa ll within the range of reported values for natural som ces 
(Gallon et al., 2005; Kylander et al., 201 0; Wedepohl, 1995). 
The lack of isotopie data for the region and the fact that the currently available data 
display similar isotopie signatures prevent the identification of single sources for 
particles being deposited in the Baie and IDH bogs. However, when REE patterns are 
taken into account with eNd, we can reasonably conclude that the particles deposited 
on both sites come from a mixture of sources . Local sediments such as soil s and beach 
sands are a likely source, while the similarity of the Gulf ofthe St. Lawrence sediments, 
also representing a mixture of sources, and Appalachians eNd signatures, suggest that 
regional sources also contTibute. Futhermore, a shift in the Nd isotopie data is linked 
with the tra11sition from fen to bog conditions in bath cores (Fig. 2. 7) suggesting that 
at least tln·ee sources must be invoked to explain the variabili ty in eNd. 
The graduai decrease in 206PbP 07Pb dming the recent years (Fig. 2.4) is due to 
anthropogenic impacts, likely from leaded gasoline emissions. The isotopie ratios in 
bath cores (1.1 6-1.17) are in agreement wi th those obtained from another core in the 
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Baie bog (Pratte, Mucci and Garneau, 2013). Since AD 1950 (20 cm-surface), the 
L:REE/Ti have decreased gradually in the IDH core (Fig. 2.4), which suggests a change 
in the source of the deposited dust in the region. This could be explained by the 
presence of a Ti mine (Lac Tio mine) and shipping faci lities, which started operating 
in 1950, in the port of Havre-Saint-Pierre, located 2 km north of the study site. 
2.4.3 Climate-related changes in the dust signal 
The temporal eNd evolution can be used to retrieve information about past climate 
variations when combined with other proxies. Here, we integrate elemental (in the form 
of dust flux and REE patterns) and isotopie geochemical data as well as grain size to 
track past climatic influences registered in both records . To exti·act the climate signal 
from dust, REE concentrations were used to derive dust fluxes (Chapter 1: Pratte, 
Garneau and De Vleeschouwer, In press). Then, the dust-rich events previously 
identified, were analyzed for Nd isotopie composition and compared with local and 
regional sources. Finall y, these changes are interpreted in terms of local or regional 
environmental changes. 
Based on the eNd record , the Baie bog can be divided into tlu·ee intervals (Fig. 2.8 ; B-
1: 4400-3800 cal a BP, B-2: 3270-2300 cal a BP and B-3: 2000 cal a BP-present). The 
interval 4400-3800 cal a BP (zone 1) comprises the minerotrophic phase and hence 
represents a local signal combining both atmospheric and lateral inputs. The influence 
of the bottom sediments and local bedrock on the eNd signal decreases towards the 
FBT as shown by the increasing values (Fig. 2. 7 and 2.8). The REE patterns for the fen 
and FBT phases agree with the eNd signal as it displays a decreasing influence of the 
bottom sediments and local rocks in favour of particles from local mineral soils and the 
nearby beach (Fig. 2.5). 
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The second interval, covering the period of 3270-2600 cal BP (B-2), has the highest 
eNd values of the record (Fig. 2.8). The dust flux displays a relative stability and the 
grain size does as well apart for the period of2800-2600 cal a BP, where it possesses 
the lowest particle size in the record (Fig. 2.3). In the REE patterns (Fig. 2.5) no 
distinction can be made between this period and the following one (last 2000 years) . A 
testate amoebae record from the same bog shows relatively high and constant water-
table depth (WTD) over this period , suggesting wetter hydroclimatic conditions (Fig. 
2.8; Magnan and Garneau, 2014). A pollen-based reconstruction of July temperatme 
anomaly in Baie peatland reports slightly cooler conditions from 4000 cal a BP (Sauvé, 
2016) while Viau and Gajewski (2009) reconstructed warmer but wetter conditions for 
northern Quebec. We hypothesize that the change in Nd values and particles size 
reflects more hum id and , more importantly, stable conditions, which may have reduced 
the local dust load in favour of more regional sources, especially during the 2800-2600 
cal a BP interval. The REE pattern of the samples over that period reveals that local 
sources were still contributing to a certain extent. 
The interval covering the last 2000 years (B-3) is marked by more negative eNd values, 
greater and more variable dust flux and particle grain size (Fig. 2.3 and 2.8). The lower 
eNd values and greater particle size suggest a greater proportion of partiel es originating 
from a local source. This is further confirmed by the REE patterns that reflect a mixture 
between the local mineral soils and the beach (i.e. bog in Fig. 2.5). Although not of the 
same amplitude as the dust flux, the eNd record for this period displays greater 
variability. This high variability was also observed in the WTD reconstruction from 
Magnan and Garneau (2014) (Fig. 2.8). Hydroclimatic instability has been rep01ted to 
affect dust loads thJough increased sto rminess (de J ong, Schoni ng and B jorck, 2007; 
De Vleeschouwer et al., 2009). Decreasing July temperature anomalies over the last 
2000 years also suggest a climatic "deterioration", shortly interrupted around 1.100 cal 
a BP (Viau and Gajewski , 2009). An agreement between the dust flux record and solar 
minima (Reimer et al. , 2013) was noted for the Baie bog (Pratte, Garneau and De 
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Vleeschouwer, In press). Bence, over the last 2000 years, the dust t:Nd signatme, 
partide size and flux all point towards increased local storminess, which deposited a 
greater proportion of partides from local sources in response to regional (hydrology) 
and global (temperatme; i.e. solar minima) events. This is especially true fo r the last ca 
600 years, when distinct events (Fig. 2.8 ; red lines) with REE patterns doser to the 
signatme of the local soils where recorded (Fig. 2.5). 
A doser look at the t:Nd record ofiDH bog reveals three intervals: 7100-5000 cal (I-
l) a BP, 5000-620 cal a BP (I-2) and 410 cal a BP to the present day (I-3). The interval 
7100-5000 cal a BP (I-1) represents the minerotrophic and FBT sections with values 
typical for the local somces, mostly brought to the peatland by lateral inputs. As in the 
Baie core, the graduai increase in t:Nd and 206PbP 07Pb values towards the top of the 
minerotrophic section is explained by the graduai isolation of the peat surface from the 
local runoff and the proportionally increasing importance of atmospheric partides, 
from somces such as beach sands, on the isotopie signatmes (Fig. 2.4, 2.7 and 2.8). 
This is confirmed by the REE pattern of the FBT transition sam pl es, which bas values 
more similar to the beach than the bottom sediments and limestone (Fig. 2.5). 
In the second interval (I-2: 5000-620 cal a BP), the t:Nd profile mirrors the REE dust 
flux, i. e. it shows relatively constant values (mean: -1 2.3±0.3). The grain-size record 
di splays a similar pattern (Fig. 2.3). A WTD record from a core collected 5 km north 
of IDH bog (Plaine bog) displays large hydrological variations over the same period 
(Magnan and Garneau, 2014), which are not reflected in any proxy from IDI-I bog. The 
geographical setting (on an island, protected by a forest fringe, hi gher elevation) of the 
IDH bog was invoked as a factor reducing the amount of dust being deposi ted on the 
site and explaining the low dust flux (Pratte, Garneau and De Vleeschouwer, In press) . 
While the "isolation" of IDH probably con tri butes to the stability of the dust record, it 
cannot explain alone the t:Nd values. The nearly constant t:Nd signal either means that 
dust has a single source witbin that timespan or that the t:Nd values of the stmounding 
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geological formations are not diagnostic. Neve1iheless, the simi larity of the REE 
pattern of the peat samples for the period to those of the beach suggests a dominant 
local source. 
The last interval, covering 620 cal a BP to the present (I-3), has more negative t:Nd 
values and greater particle size ( -lü~un) suggesting a grea ter proportion of local dust 
sources. White the REE patterns (Fig. 2.5) reveal that atmospheric particles from local 
source (beach) are an important source, they do not display distinct patterns when 
compared to the previous period (5000-Çl20 cal a BP). The dust flux increases slightly 
over the period as weil (Fig. 2.8). Reconstructed WTD on the continental shore 
suggests wetter and colder conditions on the coast (Magnan and Garneau, 2014). 
Fmthermore, Viau and Gajewski (2009) report that northern Quebec was the coldest 
Canadian region during the LIA. Similarly to the Baie bog, the t:Nd values and the 
particles size of the dust deposited onto the IDH bog indicate locally increased wind 
intensity. 
As previously hypothesized, the distinct geographical settings of Baie and IDH bogs 
might explain the difference in the timing of changes between their records. The 
changes recorded in the Baie core between 2000 and 1000 cal a BP, might not have 
been significant enough to be recorded in the IDH site considering its geomorphic 
setting. Comparatively, changes occurring dming the LIA would have been more 
important, since they were recorded by the IDH record. This is in agreement with what 
is known about the LIA climatic deterioration, which affected North America on a large 
scale (Viau and Gajewski, 2009 ; Watmer et al. , 2011 ). More records from the coast 
would be needed to verify whether the different dust signal recorded in the IDH bog is 
representative of the regional dust signal. 
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2.5 Conclusion 
The dust deposited on two peat bogs of the north shore of the Estuary and Gulf of the 
St. Lawrence was geochemically characterized using REE concentrations, Nd and Pb 
isotopes. Both cores show distinct REE content, E d and 206PbP07Pb signatures 
between minerotrophic and ombrotrophic sections. Baie and IDH bogs display similar 
E d values, which either suggests a common source or similar ENd signature for 
regional sources. While the similar range of ENd values between potential sources 
prevents a definitive identification of the origin for the dust deposited on both peat 
bogs, the REE patterns and grain-size distribution reveal that local soi ls and beach 
sands are likely sources. 
The evolution of the isotopie signal, in combination with the E patterns, the grain-
size distribution and the dust flux, was used to retrieve information on past 
environmental and climatic conditions in the region. Both sites display signais similar 
to the bottom sediments and local bedrock dming theil· respective minerotroplùc phase, 
likely overprintil1g the atmospheric signal. Apatt from the minerotrophic phases, the 
two sites registered two intervals with contrasting ENd values. The IDH bog has a 
nearly constant El d signatme between 5000 a11d 620 cal a BP, which suggests a 
particular source that has not yet been identified. From 3270-2600 cal a BP, the Baie 
bog shows more regional dust supplies during a more stable climatic phase. The more 
hw11id at1d stable climate reduced particle availability locally in favour of a more 
regional signal. REE patterns, grain-size distribution and, to a certain extent, ENd 
values indicate that a greater proportion of local dust has been deposited over the last 
2000 years in the Baie core and the last 600 years in the IDH core, respectively. These 
inputs are related to increased local sto rminess (i.e. wind intensity) in response to 
greater instability in the hydroclimatic conditions on a regional scale at1d cold events 
(solm· minima) on a more global scale. Over the last century, anthropogenic activities 
(mining, leaded gasoline) have affected the dust cycle in the region. While these 
changes agree reasonably weil with regional records, the discrepancies between both 
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paleodust records highlight the complex and variable sh·ucture of the late-Holocene 
changes in climate and atmospheric dust. 
Acknowledgments 
We are grateful to Gaël Le Roux (Ecolab , Toulouse), Marie-Jo Tavella (EcoLab, 
Toulouse), David Baqué (Ecolab , Toulouse), Aurélie Lanzanova (Geoscience 
Environnement Toulouse), André Poirier (GEOTOP-UQAM, Canada) and Bassam 
Ghaleb (GEOTOP-UQAM, Canada) for their help with major and trace elements 
analyses, Nd and Pb isotopes and 210Pb dating. Thanks to Gabriel Magnan, Nicole 
Sanderson, Antoine Thibault and Hans Asnong for help during fieldwork as weil as 
Julien Gogot for lab assistance. Thanks to Les Tourbeux for fruitful discussions. 
Financial support was provided by Natural Sciences and Engineering Research Council 
of Canada (NSERC; #250287) discovery grant to MG. Scholarships to SP were 
provided by the Fonds de Recherche Québec - Nature et Teclu1ologie (FRQNT; 
#176250 and #180723). An additional mobility grant was provided by Institut National 
Poly technique de Toulouse ("Soutien à la mobilité" grant to FDV). 
90 
2.6 References 
Allan, M. , Le Roux, G. , Piotrowska, N., Beghin, J. , Javaux, E. , Comt-Picon, M. , 
Mattielli, N. , Verheyden, S. and Fage!, N. (2013). Mid and late Holocene dust 
deposition in western Europe: the Misten peat bog (Hautes Fagnes - Belgium). 
Climate of the Past Discussion, 9(3), 2889-2928. 
Appleby, P.G. (2002). Ch.ronostratigraphic Techniques in Recent Sediments. In: Last, 
W. and J. Smol (dir.), Tracking Envirorunental Change Using Lake Sediments 
(Vol. 1, p. 171-203): Springer Netherlands. 
Aubeli, D. , Le Roux, G. , Krach.ler, M. , Cheburkin, A. , Kober, B. , Shotyk, W. and Stille, 
P. (2006). Origin and fluxes of atmospheric REE entering an ombrotroph.ic peat 
bog in Black Forest (SW Germany): Evidence from snow, lichens and mosses. 
Geochimica et Cosmochimica Acta, 70(11 ), 2815-2826. 
Bernatchez, P. (2003). Évolution littorale holocène et actuelle des complexes 
deltaïques de Betsiamites et Manicouagan-Outardes: synthèse, processus, 
causes et perspectives. (Ph.D). Université Laval, Québec. 
Biscaye, P .E., Groùsset, F.E. , Revel, M. , Van der Gaast, S., Zielinski, G.A. , Vaa:rs, A. 
and Kukla, G. (1997). Asian provenance of glacial dust (stage 2) in the 
Greenland lee Sheet Project 2 lee Core, Summit, Greenland. Journal of 
Geophysical Research: Oceans, 102(C12), 26765-26781. 
Blaauw, M. and Clu-isten, J.A. (2011). Flexible paleoclimate age-depth models using 
an autoregressive ganu-na process. Bayesian Analysis, 6, 457-474. 
Chambers, F.M. and Charman, D.J. (2004). Holocene environmental change: 
contributions from the peatland archive. The Holocene, 14(1), 1-6. 
Chambers, F.M., Beilman, D.W. and Yu, Z.C. (2011). Methods for determining peat 
humification and for quantifying peat bulk density, organic matter and carbon 
content for palaeostudies of climate and peatland carbon dynamics. Mires and 
Peaf, 7. 
Chiarenzelli, J., Aspler, L. , Dunn, C. , Cousens, B. , Ozarko, D. and Powis, K. (2001). 
Multi-element and rare earth element composition of lichens, mosses, and 
vascular plants from the Central BaTrenlands, Nunavut, Canada. Applied 
Geochemistry, 16(2), 245-270. 
de Jong, R. , Schoning, K. and Bjorck, S. (2007). lncreased aeolian activity during 
htm1idity shifts as recorded in a raised bog in south-west Sweden du:ring the 
past 1700 years. Climate ofthe Past, 3(3), 411-422. 
de Jong, R. , Blaauw, M. , Chambers, F. , Clu-istensen, T. , Vleeschouwer, F. , Finsinger, 
W. , Fronzek, S. , Johansson, M. , Kokfelt, U., Lamentowicz, M. , Roux, G., 
Mauquoy, D. , Mitchell, E .D. , Nichols, J. , Samaritani, E. and Geel, B. (2010) . 
Climate and Peatlands. In: Dodson, J. ( dir.) , Changing C!imates, Earth Systems 
and Society: Springer Netherlands. 
De Vleeschouwer, F. Piotrowska, N. , Sikorski, J. , Pawlyta, J., Chebmkin, A. , Le Roux , 
G. , Lamentowicz, M. , Fage!, N. and Mauquoy, D. (2009). Multiproxy evidence 
91 
of ' Little Ice Age' palaeoenvironmental changes in a peat bog from northern 
Poland. The Holocene, 19(4), 625-637. 
De Vleeschouwer, F. , Chambers, F.M. and Swindles, G.T. (20 10). Coring and 
subsampling ofpeatlands for palaeoenviromnental research. Mires and Peat, 7. 
De Vleeschouwer, F. , Pazdur, A. , Luthers, C., Stree!, M. , Mauquoy, D. , Wa ti aux, C. , 
Le Roux, G. , Moschen, R., Blaauw, M. , Pawlyta, J. , Sikorski, J. and 
Piotrowska, N. (20 12). A mill ennial record of enviromnental change in peat 
deposits from the Misten bog (East Belgium). Quaternary International, 268, 
44-57. 
De Vleeschouwer, F. , Ferrat, M. , McGowan, H., Vanneste, H. and Weiss, D . (2014). 
Extracting paleodust information from peat geochemistry . PAGES Magazine, 
22(2), 88-89. 
deMenocal, P. , Ortiz, J. , Guilderson, T., Adkins, J. , Sarnthein, M. , Baker, L. and 
Yarusinsky, M. (2000). Abrupt onset and termination of the African Humid 
Period: rapid climate responses to graduai inso lation forcing. Quaternary 
. Science Reviews, 19(1- 5), 347-361. 
DePaolo, D.J. and Wasserburg, G .J. (1976). Nd isotopie variations and petrogenetic 
models. Geophysical Research Le!ters, 3(5), 249-252. 
Dickin, A.P. and Higgins, M.D. (1992). Sm/Nd evidence for a major 1.5 Ga crust-
forming event in the central Grenville province. Geology, 20(2), 13 7-140. 
Dickin, A.P. (2000). Crustal formation in the Grenville Province: Nd-isotope evidence. 
Canadian Journal of Earth Sciences, 37(2-3), 165-181. 
Fagel, N. , Innocent, C. , Gariepy, C. and Hillaire-Marcel, C. (2002). Sources of 
Labrador Sea sediments since the last glacial maximw11 inferred from Nd-Pb 
isotopes. Geochimica et Cosmochimica Acta, 66(14), 2569-258 1. 
Farmer, G.L. Barber, D. and Andrews, J. (2003). Provenance of Late Quaternary ice-
proximal sediments in the North Atlantic: Nd, Sr and Pb isotopie evidence. 
Earth and Planetmy Science Letters, 209(1- 2), 227-243. 
Gabrielli , P. , Wegner, A. , Petit, J.R., Delmonte, B. , De Deckker, P. , Gaspari , V ., 
Fischer, H ., Ruth, U., Kriews, M., Boutron, C. , Cescon, P. and Barbante, C. 
(20 1 0). A major glacial-interglacial change in aeolian dust composition inferred 
fro m Rare Earth Elements in Antarctic ice. Quaternm·y Science Reviews, 29(1 -
2), 265-273. 
Gallon C. , Tessier, A. , Gobeil, C. and Beaudin, L. (2005) . Sources and chronology of 
atmospheric lead deposition to a Canadian Shield lake: Inferences from Pb 
isotopes and PAH profiles. Geochimica et Cosmochimica Acta, 69(13), 3199-
3210. 
Givelet, N. , Le Roux G. Cheburkin, A. , Chen, B. , Frank, J. , Goodsite, M.E. 
H ., Krachler, M. , oernberg, T. , Rausch, N ., Rheinberger 
Barraclough, F. , Sapkota, A. , Scholz, C. and Shotyk, W. (2004). uggested 
protocol for collecting, handling and preparing peat cores and peat samples for 
physical, chemical, mineralogical and isotopie analyses . Journal of 
Environmental Monitoring, 6(5), 481-492. 
92 
Goudie, A.S. and Middleton, N.J. (2001). Saharan dust storms: natme and 
consequences. Earth-Science Reviews, 56(1-4), 179-204. 
Greaves, M.J., Elderfield, H. and Sholkovitz, E.R. (1999). Aeolian sources of rare earth 
elements to the Western Pacifie Ocean. Marine Chemistry, 68(1- 2), 31-38. 
Grousset, F.E. and Biscaye, P.E. (2005). Tracing dust somces and transport patterns 
using Sr, Nd and Pb isotopes. Chemical Geology, 222(3-4), 149-167. 
Jacobsen, S.B. and Wasserburg, G.J. (1980). Sm-Nd isotopie evolution of chondrites. 
Earth and Planetary Science Letters, 50(1), 139-15 5. 
Jeglum, JK, Rothwell, RL, Berry, GJ and Smith, G.K.M. (1992). A peat sampler for 
rapid sm·vey. Teclmical note, Canadian Fm-estry Service 13: 921- 932. 
Jowsey PC. (1966) An improved peat sampler. New Phytologist 65: 245-248. 
Krachler, M., Le Roux, G. , Kober, B. and Shotyk, W. (2004). Optimising accuracy and 
precision of lead isotope measurement e06Pb, 207Pb, 208Pb) in ac id digests of 
peat with ICP-SMS using individual mass discrimination correction. Journal of 
Analytical AtomJc Spectrometry, 19(3), 354-361. 
Kylander, M.E., Klaminder, J. , Bindler, R. and Weiss, D.J. (2010). Naturallead isotope 
variations in the atmosphere. Earth and Planetary Science Letters, 290(1-2), 
44-53. 
Kylander, M.E. , Muller, J. , Wüst, R.A.J., Gallagher, K., Garcia-Sanchez, R., Coles, 
B.J. and Weiss, D.J. (2007). Rare earth element and Pb isotope variations in a 
52 kyr peat core from Lynch's Crater (NE Queensland, Australia): Proxy 
development and application to paleoclimate in the Southern Hemisphere. 
Geochimica et Cosmochimica Acta, 71 (4), 942-960. 
Le Roux, G. and De Vleeschouwer, F. (20 10). Preparation ofpeat samples for inorganic 
geochemistry used as palaeoenvironmental proxies. Mires and Peat, 7. 
Le Roux, G. and Marshall, W.A. (20 11). Constructing recent peat accumulation 
chronologies using atmospheric fall-out radionuclides. Mires and Peat, 7. 
Le Roux, G. , Fagel, N. , De Vleeschouwer, F. , Krachler, M. , Debaille, V., Stille, P. , 
Mattielli, N., van der Knaap, W.O. , van Leeuwen, J.F.N. and Shotyk, W. 
(2012). Volcano- and climate-driven changes in atmospheric dust sources and 
fluxes since the Late Glacial in Central Europe. Geology, 40(4), 335-338. 
Magnan, G. and Garneau, M. (20 14). Evaluating long-term regional climate variability 
in the maritime region of the St. Lawrence I orth Shore (eastern Canada) using 
a multi-site comparison of peat-based paleohydrological records. Journal of 
Qualernary Science, 29(3), 209-220. 
McLennan, S.M. (1989). Rare earth elements in sedimentary rocks; influence of 
provenance and sedimentary processes. Reviews in Mineralogy and 
Geochemistry, 2 1(1), 169-200. 
Meskhidze, N. , Chameides, W.L. , Nenes, A. and Chen, G. (2003). Iron mobilization in 
mineral dust: Can anthropogenic S02 emissions affect ocean productivity? 
Geophy ical Research Letters, 30(2 1), 2085. 
Muhs, D .R. (20 13 ). The geologie records of dust in the Quaternary. Aeolian Research, 
9, 3-48. 
93 
Neff, J.C., Ballantyne, A.P., Farmer, G.L. , Mahowald, N.M. , Conroy, J.L. , Landry, 
C.C., Overpeck, J.T. , Painter, T.I-L, Lawrence, C.R. and Reynolds, R.L. (2008). 
Increasing eolian dust deposition in the western United States linked to human 
activity. Nature Geoscience, 1(3), 189-195 . 
Pratte, S. , Garneau, M. and De Vleeschouwer, F. (In press). Late Holocene atmospheric 
dust deposition in eastern Canada (St. Lawrence North Shore). The Holocene 
Pratte, S. , Mucci, A. and Garneau, M. (20 13). Historical records of atmospheric metal 
deposition along the St. Lawrence Valley (eastern Canada) based on peat bog 
cores. Atmospheric Environment, 79, 831-840. 
Reimer, P.J., Bard , E., Bayliss, A. , Beek, J.W., Blackwell , P.G., Bronk Ramsey, C., 
Buck, C.E. , Cheng, H., Edwards, R.L., Friedrich, M., Grootes, P.M., 
Guilderson, T.P. , Ha:flidason, H., Hajdas, I. , Hatté, C., Heaton, T.J., Hoffmann, 
D.L. , Hogg, A.G. , Hughen, K.A. , Kaiser, K.F. , Kromer, B., Mmming, S.W., 
Niu, M. , Reimer, R.W. , Richards, D.A., Scott, E.M., Southon, J.R., Staff, RA. , 
Tumey, C.S.M. and van der Plicht, .T. (2013). IntCal13 and Marine13 
Radiocarbon Age Calibration Curves 0- 50,000 Years cal BP. Radiocarbon, 
55(4), 1869-1887. 
Shotyk, W. , Krachler, M., Martinez-Cortizas, A. , Cheburkin, A.K. and Emons, H. 
(2002). A peat bog record of natural, pre-anthropogenic enriclm1ents of trace 
elements in atmospheric aeroso ls since 12 370 14C yr BP, and their variation 
with Holocene climate change. Earth and Planetary Science Letters, 199(1-2), 
21-37. 
Stevenson, R.K. , Meng, X. W. and Hillaire-Marcel , C. (2008). Impact ofmelting of the 
Laurentide lee Sheet on sediments from the upper continental slope off 
southeastern Canada: evidence from Sm-Nd isotopes. Canadian Journal of 
Earth Sciences, 45(11), 1243 -1252. 
Tanaka, T. , Togashi, S., Kamioka, H., Amakawa, H. , Kagami, H., Hamamoto, T., 
Yuhara, M., Orihashi, Y. , Yoneda, S., Shimizu, H. , Kunimaru, T., Takahashi, 
K. , Yanagi , T. , Nakano, T., Fujimaki , H. , Shinjo, R. , Asahara, Y. , Tanimizu, 
M. and Dragusanu, C. (2000). JNdi-1: a neodymium isotopie reference in 
consistency with LaJolla neodymium. Chemical Geology, 168(3---4), 279-281. 
Vanneste, H. , De Vleeschouwer, F., Mrutinez-Cortizas, A., von Scheffer, C. , 
Piotrowska, N., Coronato, A. and Le Roux, G. (20 1 5). Late-glacial elevated 
dust deposition linked to westerly wind shifts in southern South America. 
Scientific Reports, 5 
Viau, A.E. and Gajewski, . K. (2009). Reconstructing Millennial-Sca le Regional 
Paleoclimates of Boreal Canada during the Holocene. Journal of Climate, 
22(2), 316-330. 
Wanner, H. , Solomina, 0., Grosjean, M. , Ritz, S.P. and Jetel, M. (2011). Structure ru1d 
ori gin of Holocene cold events. Quaternary Science Reviews, 3 0(21- 22), 3109-
3123. 
Wedepohl, K.H. (1995). The compos ition of the continental crust. Geochimica et 
Cosmochimica Acta, 59(7), 1217-1232. 
94 
Yafa, C., Farmer, J.G., Graham, M.C., Bacon, J.R. , Barbante, C., Cairns, W.R.L. , 
Bindler, R. , Renberg, I. , Cheburkin, A., Emons, H., Handley, M.J., Norton, 
S.A., Krachler, M. , Shotyk, W. , Li, X.D. , Martinez-Cortizas, A. , Pulford, I.D. , 
Maclver, V., Schweyer, J. , Steümes, E., Sjobakk, T.E. , Weiss, D., Dolgopolova, 
A. and Kylander, M. (2004). Development of an ombrotrophic peat bog (low 
ash) reference material for the determination of elemental concentrations. 








Matie ultrmafic rocks 
0 
Sedlmentary rocks 
1 G25 IGranitiC gneiss 1 G21 l Anorthos1te , leucogabbro, leucononte, 1 G18 l Arenite, sandstone, wacke , 
95 
100 
IG28 IGranitolds Wlth orthopyroxene· charnocklle, leucotroctolrte, nelsonite quartzite, paragneiss, schist 
mangente, JOtunJe, hypersthene syenJte Gabbro, nonte, gabbrononte, dionte, 1 G 13 1 Paragneiss. pelit1c gneiss, marble, 
- Syemte, monzonlte, monzodlonte, troctoilte , pyroxenJte, pendot1te quartz1te, 1ntrus1ve mafic rocks 
other alcaline 1ntrus1ons 
- Granite, quartz monzonite, 
quartz syemte, m1gmat1te 
Figure 2.1 Map of the study regiOn : (a) Map of North America showing the 
main air masses over the region; (b) map of Quebec with the location of the two study 
areas ; (c) location of the Baie bog (star) in the Baie-Carneau region; (d) and location 
of the IDH bog (star) in the Havre Saint-Pierre region. Grey dots represent towns . 
Triangles correspond to rock analyzed for 143Nd/144Nd by Dickin and Higgins ( 1992) 
and Dickin (2000) . 
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Figure 2.2 Age-depth models for Baie (top) and IDH (bottom) cores constructed 
using BACON software (Blaauw and Christen, 2011) using both 210Pb and 14C dates . 
The gray bands encompass all possible age-depth models whereas the dotted tines 
represent the 95 % confidence intervals. The red dotted line represents the weighted 
mean age of each modeled sample. Purple symbols indicate calendar age distribution 
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Grain-size distribution ofwater insoluble inorganic fraction from (A) 
the Baie core and (B) the IDH core. Number 1 to 3 for bath core: grain-size distribution 
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Figure 2.4 La, Sm, Yb (log scale) and L:REE concentrations, L:REE/Ti , La/Sm 
nonnalized to UCC, ëNd and 206PbP 07Pb vs . age for Baie (top) and IDH (bottom) cores. 
Grey areas represent periods of higher elemental concentrations. Y ellow areas 
represent the minerotrophic section (fen) of each core. Black arrows represent 
maximum values at the bottom of the cores . 
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UCC-normalized (Wedepohl , 1995) REE patterns for (A) the Baie 
core and (B) the IDH core. Circles: Mean values for different portion of each core (fen; 
FBT; bog) ; squares: basal sediments underneath each core; triangles: local soils and 
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(yellow) and USA loess (b lue) areas are from Biscaye et al. (1997) . Gulf of St. 
Lawrence samples (GSL; dark green) from Panner et al. (2003) and North American 
Shield (NAS) from Fage! et al. (2002). Squares: potential isotope signature of local 
(mean gneisses Baie region, Dickin and Higgins ( 1992); mean gneisses from Sept-Îles 
(SI) and mean gneisses from Natashquan (NT), Dickin (2000)) and regional 
(Appalachian (Pan-African ernst, Fage! et al. (2002). Note that samples with no 
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Figure 2.8 Nd isotope composition, evolution ofREE-dust flux (Pratte, Garneau 
and De Vleeschouwer, In press) for Baie (top, blue) and IDH (bottom, green) bogs 
compared with regional records. Water table depth (WTD) reconstructions for Baie and 
Plaine are from (Magnan and Garneau, 2014). Mean annual precipitation (MAP; blue 
dash line) and mean July temperature anomalies (orange) in northern Quebec from 
Viau and Gajewski (2009). Red dashed !ines represent Baie samples with REE patterns 
closer to local soils (see "Baie events"; Fig. 2.5) . Grey areas represents climatic periods 
discussed in section 2.4.3. 
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Table 2. 1 Results of 14C AMS measurements, calibration and description of 
samples for Baie and IDH cores. 
Site and Depth Laboratory 14C age 2cr range Materi al dated 
sample (cm) number (BP) (ca l a BP) 
Baie 
45 5 1.6 UC IAMS- 425± 15 48 1-5 13 Charred Picea rnariana need les 
1295 10 
67 79.4 UC IAMS- 10 15±25 833-97 1 Sphagnum spp. stems 
15 1367 
106 105 .9 UC IAMS- 11 20± 15 977-1 059 Sphagnwn spp. stems 
1295 11 
128 130.0 UC IAMS- 1275± 15 11 8 1-1 27 1 Chan·ed Picea mariana ncedles 
1295 12 
15 1 155.2 UC IAMS- 1905±20 1818- 1893 Sphagnwn spp. stems 
135384 
173 179.3 UC IAMS- 1740±25 1570-1709 Sphagnum spp. tems, branches and leaves, 
1295 13 charred Picea mariana needles 
196 206.7 u IAMS- 2250± 15 2 162-2336 Sphagnum spp. stems 
1295 14 
2 17 233.0 UCIAMS- 2465± 15 2442-2704 Sphagnum spp. stems 
1295 15 
232 250.2 UCIAM - 2725± 15 2779-2853 Sphagmun spp. stems 
1295 16 
256 283.2 UC IAMS- 2900± 15 2963-3 136 Sphagnum spp. stems 
1295 17 
286 32 1.8 UCIAMS- 3090± 15 3248-3362 Sphagnum spp. stems, Chamaedaphne 
1295 18 calyculata leaf fragments 
328 374.8 UCIAM - 3590± 15 3842-396 1 Sphagnum spp. stems, Ericaceae leaf 
1295 19 fragments 
376 435.3 UCIAMS- 3885± 15 4250-4409 Larix /aricina needles 
129520 
386 447.9 UC IAMS- 3995±20 442 1-45 19 Bulk peat 
135385 
!DH 
54 UC IAM S-
69.7 135378 140±20 8-278 Sphagnum spp. stems 
11 6 11 8. 1 UCIAM S- 760±20 670-726 Sphagnum spp. stems 
135379 
137 143.6 UC IAMS- 905±20 763-9 10 Sphagnum st ms, branches and leaves 
15 1363 
19 1 206.8 UC IAM S- 1900±20 18 15-1 896 Sphagnum tems 
151 364 
220 240.7 UCIAM ·- 2 120±20 2007-2 150 LarLt laricina needles, Myrica gale and 
1353 80 Chamaedaphne calyculata leaf fragment . 
Sphagnum spp. stems 
286 3 18.9 UC IAM S- 2785±20 2804-295 1 Sphagnum spp. stems 
13538 1 
3 17 357.0 UC IAMS- 3320±20 3479-3607 Sphagnwn spp. stems 
15 1365 
345 390.8 UCIAMS- 3480±25 365 1-3832 phagnum spp. stems 
15 1366 
394 451.7 u IAMS- 4380±20 4857-5033 Sphagnum spp. stems 
135382 
104 
478 554.3 UC IAMS- 4960±25 56 12-5737 Larix tarie ina need les and seeds, Myrica gale 
135383 and Chamaedaphne calyculata leaf 
fragments 
535 624.1 UC IAMS- 6950±25 7699-7839 Carex spp. seed 
1236 19 
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Table 2.2 Results of 21 0Pb measurements and CRS modelling on the Baie core. 
Sam pie Depth 210Pb,01 acti vity 210Pbex activity CRS 210Pb Unce1tainty 
(cm) (Bq kg·1) (Bg kg·1) age (A D) (a) 
Baie 2 1.7 332 3 16 2010 1 
Baie 3 2.9 500 484 2008 1 
Baie4 4. 1 257 24 1 2006 1 
Baie 6 6.5 339 323 2003 
Baie 8 8.9 290 274 2002 
Baie 10 I l 236 22 1 200 1 
Baie 12 13.4 323 308 1997 
Baie 14 15.7 358 343 199 1 1 
Baie 16 17.9 363 347 1987 1 
Baie 18 20.3 209 193 1984 2 
Baie 20 22.6 268 252 1979 2 
Baie 22 24.9 248 232 1974 2 
Baie 24 27.3 267 25 1 1966 2 
Ba ie 26 29.7 237 22 1 1953 3 
Baie 28 32. 1 24 1 225 192 1 4 
Baie 30 34.5 104 89 1869 8 
Baie 32 36.9 32 17 
Baie 34 39. 1 16 0 
Baie 36 4 1.4 15 0 
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Table 2.3 Results of 210Pb measurements and CRS modelling on the IDH core. 
Sam pie Depth 210Pb,at Activi ty 210Pbex ac ti vity CRS 210Pb Uncerta inty 
(cm) (Bq ko· 1) (Bq kg· 1) age (A D) (a) 
10 1-11 0.8 449 436 20 10 1 
10 1-1 2 2.4 480 468 2006 
101-1 3 3.6 436 423 200 1 
10 1-1 5 6.0 388 375 1997 
10 1-1 7 8.5 373 360 1993 
IOH 9 10.9 420 408 1990 
10 1-1 Il 13.3 227 215 1987 
10 1-1 13 15.8 334 32 1 1983 1 
101-1 15 18.4 262 249 1980 1 
10 1-1 17 2 1.1 26 1 249 1976 2 
101-1 19 23 .8 193 180 1973 2 
10 1-1 21 26.4 215 202 1968 2 
101-123 29. 1 267 255 1958 3 
1011 25 32.0 175 162 1948 3 
IOH 27 34.7 11 6 104 1938 4 
101-1 29 37.5 62 50 1933 4 
10 1-1 31 40.2 53 40 1928 5 
IOH 33 42.9 53 40 1920 5 
10 1-1 35 45.6 55 42 1909 6 
IOH 37 48.8 53 41 189 1 6 
10 1-1 39 51.2 59 47 1865 7 
101-1 41 53.6 39 26 
IOH 43 58.6 14 0 
10 1-1 45 63 .. 2 13 0 
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Table 2.4 Nd isotopie data, eNd and 206PbP 07Pb for the Baie core. 
Sample Depth (cm) 143Nc1JI44Nd ±2se eNd 206pbj207 pb ±2se 
Baie 3 2.9 0.5 11 924 0.0000 19 -1 3.9 1.1 657 0.0002 
Baie 10 11.0 0.5 11 860 0.000024 -1 5.2 1.1 673 0.00 11 
Ba ie 17 19. 1 1.1 748 0.0006 
Baie 22 24.9 1.1 792 0.0009 
Baie 25 28.5 1.1 846 0.000 1 
Baie 26 29.7 0.5 11 905 0.000006 - 14.3 1.1800 0.0009 
Baie 26* 0.5 11 9 12 0.000006 -1 4.2 1.1 803 0.000 1 
Ba ie 33 38.0 0.5 11 888 0.0000 10 -1 4.6 1.1 933 0.0003 
Baie 33 0.5 11881 0.00002 1 -14.8 1.1981 0.0007 
Baie 36 4 1.4 0. 5 11 932 0.0000 10 -1 3.8 1.2057 0.0007 
Baie 48 55.7 0.5 11 886 0.0000 10 -1 4.7 1.1 9 12 0.00 16 
Baie 69 8 1.8 0.5 11 930 0.000008 -1 3.8 1.1 880 0.0005 
Baie 74 87.9 0.5 11 894 0.000007 - 14.5 
Baie 11 2 11 2.5 0.5 11 867 0.0000 14 -1 5.0 1.1 954 0.00 11 
Baie 11 8 119. 1 0.5 11 927 0.000007 -1 3.9 
Baie 11 9 120. 1 0.5 11 9 11 0.000005 -1 4.2 
Baie 119 0.511897 0.000008 -14.4 
Baie 120 12 1.2 0.5 1192 1 0.0000 10 - 14.0 
Baie 120 0.511909 0.000007 -14.2 
Baie 128 130.0 0. 51 194 1 0.000005 - 13.6 1.1 936 0.0006 
Baie 129 13 1. 1 0. 51 1867 0.000009 - 15.0 
Ba ie 14 1 144.1 0.511 9 14 0.000005 -1 4. 1 
Ba ie 148 15 1.9 0.5 11949 0.000006 -1 3.4 
Baie 1-18 0.5 11946 0.000007 -13.5 
Baie 150 154. 1 1.1 979 0.00 11 
Baie 160 165. 1 0.5 11 9 13 0.000009 - 14. 1 1.2029 0.0005 
Baie 172 178.3 1.2023 0.000 1 
Baie 174 180.4 1.20 Il 0.0003 
Ba ie 175 18 1.5 0.511 9 15 0.0000 16 - 14. 1 
Baie 178 184.8 1.1 97 1 0.0006 
Ba ie 20 1 2 13.2 0.5 11 954 0.000007 -1 3.3 1.2098 0.00 12 
Baie 223 240.3 0.5 11 993 0.000008 -1 2.6 1.2049 0.0008 
Ba ie 236 257.3 0.5 11 985 0.0000 12 -1 2.7 1.2008 0.0008 
Baie 262 290.7 0.5 11 956 0.0000 11 - 13.3 1.2 134 0.00 11 
Baie 28 1 3 15.1 0.5 11 964 0.000007 -1 3.2 1.2097 0.0008 
Baie 299 338.8 1.2 148 0.0006 
Baie 340 390.2 1.2082 0.0004 
Baie 352 404.9 0.5 11 754 0.000009 - 17.9 1.1 772 0.0007 
Baie 376 435 .3 1.1 992 0.0003 
Baie 383 444. 1 0.5 11 494 0.000009 -22.3 1.1 562 0.0009 
Bottom sed . 0.5 11 544 0.000020 -2 1.3 1.123 0.000 1 
Bol/0/n sed. 0.5 11554 0.000022 -21.2 1.1316 0.0003 
Loca l sai l 0.5 11 729 0.000008 -1 7.7 1.2058 0.00 12 
Local soi/ 0.511 730 0.000008 - / 7.7 1.2061 0.0008 
Beach 0.5 11 6865 0.000009 -1 9.2 1.1 909 0. 0009 
*Duplicate analys is; ita lie: replicate analys is 
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Table 2.5 Nd isotopie data, eNd and 206PbP 07Pb for the IDH core. 
Sample Deeth (cm) 143NdJ'44Nd ±2se ENd 206 pbJ207 pb ±2se 
IDH 7 8.5 0.5 11 9 19 0.0000 17 -14.0 1.1 668 0.0004 
101-1 24 30.5 0.5 11 954 0.000009 - 13.3 1.1 755 0.0007 
!DH 2./ 0.511982 0.000019 -12.8 1.1761 0.0012 
IDH 27 34.7 0.5 11 971 0.000006 -13 .0 1.1 785 0.0003 
10 1-1 31 40.2 0.5 11 862 0.000007 -1 5. 1 1.1784 0.000 1 
IDH 43 56.1 0.5 11 984 0.000009 - 12.8 1.1 929 0.000 1 
IDH 52 67. 1 0.5 11 905 0.000007 - 14.3 1.2533 0.00 11 
IDH 70 89.0 0.5 11 945 0.0000 10 -1 3.5 1. 1880 0.0005 
IDI-! 110 111 .0 0.5 12025 0.0000 10 -12.0 1.1 934 0.0004 
IDH 137 143. 1 0.5 120 15 0.0000 12 -12 . 1 1.1 965 0.00 12 
IDH 164 175. 1 0.512008 0.0000 13 - 12.3 1.2008 0.0003 
IDH 19 1 206.8 0.5 12002 0.000008 -1 2.4 1.2028 0.00 10 
IDH 236 259.4 0.5 1202 1 0.0000 13 - 12.0 1.1 982 0.0006 
101-l 254 280.5 0.5 120 13 0.00002 1 -12.2 1.1 946 0.00 12 
IDH 263 290.7 0.5 11 96 1 0.0000 14 - 13.2 1.2069 0.0003 
IDI-! 299 335.0 0.5 11 999 0.000005 -12 .5 1.1 944 0.0008 
IDH 3 17 357.0 0.5 12022 0.000007 -1 2.0 1.1 876 0.0008 
IDH 344 389.6 0.5 12034 0.000006 -11 .8 1.2 104 0.0005 
!Dl-1 37 1 423.8 0.5 120 15 0.0000 10 - 12.2 1.2062 0.0006 
IDH 407 467.3 0.5 12002 0.0000 19 - 12.4 1.2052 0.00 11 
IDH 43 4 500.5 0.5 11 7 18 0.0000 11 -1 7.9 1.2088 0.0009 
IDH 470 545.0 0.5 11 664 0.000006 -1 9.0 1.1 846 0.00 14 
JDH 470 0.51/658 0.000006 -19. 1 
IDH 493 572.5 0.5 11 556 0.0000 14 -2 1.1 1.1 223 0.0002 
!DJ-1 ./93 0.511550 0.00001./ -21.2 
IDH 532 620.2 0.5 11 563 0.0000 11 -2 1.0 1.1 283 0.0004 
1DJ-l 532 0.5/J549 0.0000./6 -21.3 
Bottom sed. 0.51 1655 0.000007 -1 9.2 1.1376 0.0008 
Beach 0.5 11 658 0.0000 15 -1 9. 1 1.2143 0.0009 
italie: repli cate analyses 
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RÉSUMÉ 
Les variations des apports de poussières atmosphériques dans le nord-est du Canada 
furent reconstruites à l 'aide de la géochimie élémentaire dans une séquence tourbeuse 
de la région de la Baie de James. Les concentrations en terres rares (REE) et en 
éléments lithogéniques ainsi que la signature isotopique du néodyme furent mesurés 
par spectrométrie de masse avec les méthodes de Q-ICP-MS, ICP-OES et MC-ICP-MS 
respectivement. Une analyse par composante principale effectuée sur les profils de 
concentration des divers éléments mesurés montre que les REE se comportent de façon 
similaire aux autres éléments Jithogéniques, tels que Al et Ti. Ceci suggère que les REE 
ne sont pas remobilisés dans les séquences de tourbe et qu ' ils peuvent ainsi être utilisés 
en tant qu ' indicatems d ' apports de poussières atmosphériques. Des analyses de 
macrorestes végétaux et de thécamoebiens furent aussi réalisées afin de reconstruire la 
succession végétale et les conditions d 'humidité de surface. Les flux de poussières 
reconstruits varient entre 0.1 et 18 g m-2 a- 1. Des apports accrus de poussières furent 
observés lors de différentes périodes : 4000 à 3000, 2600 à 2000, 1600 à 1000, 800 à 
650 cal a BP et de 1960 à 1990AD. Les valeurs de eNd montrent un large spectre allant 
de -37 à -12. Au moins trois sources distinctes constituent les apports de pou sières 
dans le temps: les sédiments marins à la base de la tourbière, la moraine de Sakami 
ainsi qu'une source probablement plus régionale dont l' origine reste non-identifiée. La 
période allant de 7000 à 4100 cal a BP montre des valeurs de eNd plus négative entre 
-36 et -29. Une augmentation graduelle des valeurs de eNd à partir de 4100 cal a BP 
suggère une diminution des apports locaux de poussières à la faveur d 'une source non 
identifiée. À partir de 1500 cal a BP, les valeurs de eNd demeurent relativement stables 
autour de -12 à -15 . La majorité des périodes d 'apports accrus de poussières identifiées 
correspondent à des périodes documentées conune étant froides et sèches, 
probablement liées à des intrusions de masses d'air arctiques. La présence de certains 
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de ces pics de poussières lors de minima solaires suggère que la variabilité solaire a 
aussi joué un rôle dans les fluctuations climatiques de la région. 
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ABSTRACT 
Dust deposition in north-eastern Canada was estimated from the geochemical signature 
of an ombrotrophic peatland. The rare earth elements and other lithogenic elements, as 
weil as Nd isotopes were measured by Q-ICP-MS, ICP-OES and MC-ICP-MS, 
respectively along a 4.20 m peat core covering the last 7000 years. A principal 
component analysis performed on the geochemical dataset shows that REEs display 
the same chemical behavior as other lithogenic elements such as Al and Ti , which 
suggests that they are immobile in the peat column and can be used as tracers of dust 
deposition. Plant macrofossils and testate amoebae were also used to reconstruct past 
ecohydrological conditions. The range of dust deposition varies from 0.1 to 18 g m-2 a-
1. Increases in dust flux were observed from 4000-3000, 2600-2000, 1600-1000, 800-
650 cal a BP and from 1960-1990AD. The ENd values show a large variability from -
37 to -12, identifying a least three sources: local marine sediments, the Sakami moraine 
and another unidentified source likely from a more regional origin. Between 7000 and 
4100 cal a BP, the ENd values varied from -36 to -29, while they gradually increased 
from 4100 cal a BP un til 1500 cal a BP, suggesting proportiom1ally less dust from local 
source(s) is deposited in favor of more regional source(s). From 1500 cal a BP, ENd 
values remained relatively stable around -15 and -12. Most of the dust peaks correspond 
to documented cold and dry periods likely linked to intrusion of arctic air masses. The 
occurrence of some peaks during sol ar minima suggests that insolation played a role in 
the climatic variations of the region. 
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3.1 Introduction 
Mineral dust plays an important role in the global climate system, having effect on 
radiation budgets, the chemical composition of the atmosphere and affecting marine 
and terrestrial biogeochemical cycles by supplying nutrients (Harrison et al. , 200 1 ). 
Mineral dust not on ly affects climate but is also a fw1ct ion of it, i.e. fluctuations in 
atmospheri c dust production, transport and deposition are sen si ti ve to climatic 
variat ions (Martini and Martinez-Cortizas, 2006). 
Paleo-climate records have shown greater dust deposition during glacial compared to 
interglacial phases (Fischer et al., 2007). Thus, dust is both a driver and a passive 
recorder of past climate conditions. However, our tmderstanding of the exact role of 
dust in the Earth 's climate system is still poorly constrained mostly due to a lack of 
data reflecting its high spatial and temporal variability (Harrison el al. , 2001). Paleo-
dust deposition reconstructions using environmental archives provide a mean of 
assessing temporal and spatial dust variability under different climatic conditions 
(Biscaye el al., 1997; deMenocal et al., 2000; Mischke et al., 20 1 0; Zdanowicz et al., 
2000). 
At present, the spati al coverage of paleo-dust records from continental archives is 
sparse and focu es on arid regions whereas the higher latitudes have been overlooked 
(Kohfeld and Harrison, 2001 ). Peatlands are continental archives of particular interest 
in this context because they are b~·oadly distributed especially in the bigher latitudes, 
and usually show high accumulation rates, allowing high temporal resolution 
reconstructions. Peat bogs are hydrologically isolated, i.e. they receive their water and 
nutrients from precipitation (rain, snow, fog, dust) (Chambers and Charman, 2004) and 
as such their su rface wetness is closely linked to atmospheric conditions (Aaby, 1976; 
Barber, 1993) . In com parison to ice cor s which record mainly long-range transport 
of atmospheric particles, peat bogs also record dust inputs from local and regional 
sources (Le Roux et al. , 2012; Marx, McGowan and Kamber, 2009) . 
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Apart from pollen, which has often been used as past paleo-ecological and paleo-
climatic indicators, there are a number of other climate indicators incorporated in peat 
sequences. Macrofossil (Barber, Chambers and Maddy, 2003), peat hwnification 
(Chambers, Bei lm an and Yu, 2011) and testa te an1oebae (Booth, 2002; Ch arman, 2001 ; 
Mitchell, Charman and Warner, 2008) analyses provide reliable reconstructions of past 
ecohydrological changes in peat bogs. While the validity of the past cl imate signais 
derived from these proxies bas been confi rmed (Barber and Langdon, 2007; Charman 
et al. , 2009; Charman et al., 2004), previous studies have also highli ghted some 
limitations (Caseldine et al., 2000; de Jong et al., 2010; Hansson et al., 20 13; Sullivan 
and Booth, 2011 ), suggesting a multi-proxy approach is needed to improve the 
interpretation. In addition to those usual biological proxies, the inorganic fraction or 
peat aJso provides information on past abundance and provenance of atmospheric 
mineral dust which affects the Earth ' s climate system (Goudie and Middleton, 2001 ; 
Kohfeld and Harrison, 2001) . 
Despite the potential of peat bogs as dust archives, the number of stud ies reconstructing 
past climate using inorganic geochemistry in peat profi les remains limited, although 
their use has increased over the recent years. For example, peat cores were successfu ll y 
used to identify changes in dust deposition linked to the Younger Dryas in Switzerland 
(Le Roux et al., 201 2; Shotyk et al., 2001 ) and SE Asia (Weiss et al., 2002), the impact 
of Sahara aridification on the atmospheric dust load in western Europe (Allan et al. , 
2013 ; Le Roux et al., 20 12) as weil as a strengthening of the westerlies during the 
Antarctic Cold Reversai in Ti erra del Fuego (Vannes te et al., 20 15). St1ch studies 
hi ghlight the importance of peat investigation fo r a better understanding of the ro le of 
dust on the Holocene climate variability. 
To date, few continental records of dust deposition ex ist in North America and focus 
mainly on loess deposits (Mubs, 2013) which apart certa in number of studies (Mason 
et al., 2008 ; Mi ao et al., 2007), usually Jack resolution for the Holocene. Fmthermore, 
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multi-proxy paleo-environmental and paleo-climatic studies in north-east American 
peat bogs involving inorganjc geochemistry are scarce and mostly focus on elemental 
pollution (Givelet, Roos-Barraclough and Shotyk, 2003; Pratte, Mucci and Garneau, 
2013; Roos-Barraclough et al., 2006; Shotyk and KrachJer, 2010). 
In this study we aim to use past atmospheric dust flux derived from REE concentrations 
to reconstruct potential climatic events during the mid- and la te Holocene in a peat bog 
from the Jan1es Bay lowlands, north-eastern Canada. We use the Nd isotopie signature 
ofthese the deposited particles to attempt to decipher their source. Other proxies (plant 
macrofossil s, testate amoebae) are also used to picture the local paleo-climatic and 
paleo-environmental conditions and investigate the relationship between dust flux and 
climatic variability. Fmthermore, the high-latitude location of the study site allows the 
investigation of the dust cycle in a cold region, which are, as mentioned previously, 
underrepresented. 
3.2 Material and Methods 
3 .2.1 Site description and sampling 
The study site is located along the course of the La Grande lliver in a depression of the 
Precambrian Shield (Fig. 3.1). The Wisconsinan glaciation ended around 8000 BP in 
the region (Dyke and Prest, 1987) and was fo llowed by the invasion of the Tyrell Sea 
around 7.8 BP (Hillaire-Marcel, 1976). Hence, Quaternary deposits such as glacial tills, 
littoral sands and marine clays are present regionally. Among these deposits, the 
Sakami moraine constitutes an important feature of the landscape (Fig. 3.1 b) and is 
located about 500 rn east of the sam plilig site. The Sakami moraine was deposited 
fo!Jowing a stillstand in the drainage of Lake Agassiz-Ojibway around 8.4 7 ka (Hardy 
et al. , 1982; Hill aire-Marce l et al. , 1981; Lajeunesse, 2008). 
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The climate in the region is considered as continental subarctic, with mean ammal 
temperature of -3°C, mean July temperature of24°C and mean January temperature of 
-23°C (Envirom11ent Canada, 2010). Mean annual precipitation is 684 mm of which 
one third falls as snow. 
The LG2 peatland (53°; 77°44 ' W; 1.7 km2; 172 m a.s. l.) is part of a wide bog complex 
located approximately 90 km east of James Bay. The majority of the complex consists 
of ombrotrophic peat dominated by Sphagn.um fuscum and S. capillifolium, ericaceous 
slu·ubs (Chamaedaphn.e calyculata, Rhododendron groendlan.dicum and Kalmia 
polifolia), lichens (Cladina spp.) and sparse Picea mariana and Larix laricina. 
Two cores were retrieved from the deepest section of the peatland, using a stainless 
steel box corer (8x8 cm width; Jeglum et al. (1992) to sample the upper meter and a 
Russian sampler (7.5 cm diameter; (Jowsey, 1966)) for the deeper sections. The cores 
were collected from two holes approximately 30 cm apati in an overlapping mmmer to 
ensure complete stratigraphie recovery (De Vleeschouwer, Chambers and Swindles, 
20 1 0). The cores were wrapped in plastic fi lm, transferred into polyvinyl chloride tu bes 
and stored in a freezer (-20°C) until preparation. The cores were sliced frozen using a 
stainless steel band saw at Ecolab (Université de Toulouse, France) at l-em interval 
(Givelet et al. , 2004). The thickness of each slice was then measured again to evaluate 
the loss from the slicing and correct the mid-point depth of each sample. The edges of 
each subsample were trÎlru11ed away to avo id any contan1ination from the saw. The 
sli ces were then subsampled for each type of analyses. 
Till san1ples from the Sakami moraine were collected as potential dust somce. Litto ral 
sands, also located in the vicinity of the LG2 peatland, were collected for the same 
purpose. 
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3.2.2 Clu·onological control 
The chronological control of the core is based on a combination of 21 0Pb and 14C AMS 
dates. Lead-21 0 activity was determined in the upper 30-cm of peat after extraction of 
its grand-daughter product, 210Po, from 0.5 g of powdered bulk peat spiked with 209Po 
yield tracer following a sequential extraction HN03:HCI (J:l)-HF-H2Ü2 digestion. 
Measurements were obtained using a a-spectrometer (EGG Ortec 476A) at GEOTOP 
Research center (UQAM, Montreal). The Constant Rate of Supply (CRS) mode! was 
subsequently applied to build 210Pb age-models (Appleby, 2002). The measurement 
unce1tainties (Table 3.1), corresponding to one-sigma, were calculated from counting 
statistics. The atmospheric, or excess e10Pbex), is used to determine the chronology of 
environmental records. Supported 210Pb activity, i.e. produced in situ, was estimated 
by the analysis of deeper samples in each core in order to determine at which depth the 
210Pbex was not present anymore, hence the limit of the dating teclmique (Le Roux and 
Marshall, 2011 ). 
Radiocarbon ages were obtained from selected plant macrofossils based on a protocol 
developed by Mauquoy et al. (2004). To ensure a better accuracy of dates, only 
abovegrotmd plant macrofossils were selected. The majority of the macrofossils 
consisted of Sphagnum spp. stems (Tables 1 and 2). When Sphagnum were not 
sufficient to provide enough material for dating, other types of macrofossils were 
selected (Larix laricina and Picea mariana need les, Ericaceae leaves, etc.). Ail samples 
were submitted to an acid-alkaly-acid washing treatment, drying, combustion and 
graphitisation (Piotrowska, 201 3) at the GADAM Centre (Gliwice, Poland). 
Radiocarbon concentrations were measured at Rafter Radiocarbon Laboratory (Lower 
Hutt, New Zealand) and DirectAMS Laboratory (Bothel, USA) following established 
protocols (Donahue, Linick and Juil , 1990). 
Age-depth models were generated by combining both 14C and 210Pb dates using the 
BACON software package (Blaauw and Clu·isten, 2011). The radiocarbon dates were 
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calibrated usmg the InterCal13 Northern Hemisphere terrestrial calibration cmve 
(Reimer et al., 2013) integrated in the BACON package. The smface age was fixed at-
63 cal a BP (i.e. AD 2013, the age of core extraction) . 
3.2.3 Bulk density, ash content and grain size 
The bulk density of the samples was determined by measming the volume using a 
vernier caliper and weighting subsequently the samples fresh and then freeze-dried. 
The ash content, as a smrogate of the mineral matter content, was obtained by ashing 
each subsample at 550°C for 6h to remove ali organic matter by combustion 
(Chambers, Beilman and Yu, 2011). 
Grain-size distribution was determined on the water Î11Soluble inorganic fraction of 
bulk peat samples using a Horiba LA-950 laser grain-size analyser at Ecolab. The 
inorganic fraction was obtained from a selection of ash samples resulting from the ash 
content analyses. To dissolve pseudo-minerais (salts) potentially formed during the 
ashing process, each sample was dissolved in MQ water and subjected to a 3-minute 
ultrasonic treatment to separate particles. A number of 70 size classes were used to 
characterize the grain-size distribution of the samples. When volume was Lmsufficient, 
contiguous samples were combined (116-162 cm: 3 samples per analyse and 203-284 
cm: 2 samples per analyses) to ensure enough material for analyses. 
3.2.4 Plants macrofossil and testate amoebae analyses 
Plant macrofossil analyses were performed at 4-cm intervals and refined (2-cm 
intervals) were visual changes in the stratigraphy were noted. Subsamples (4 cm3) were 
gent! y boiled in distilled water with addition of 5% KOH and carefully rinsed through 
a 125-l..lm sieve. Macrofossi ls were scan11ed using a binocular microscope (x10-x40) 
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and identified using reference collections (Garneau, 1995; Mauquoy and van Geel, 
2007). Vegetation types were expressed as volume percentages (%)representative of 
cover estimates in a chequered Petri dish (Sphagnum remains, ligneous fragments, etc.) 
or cotmted (seeds, leaffragments, etc.), which were reported as the number (n) present 
in each subsample. Sphagnum were determined to the highest taxonomie leve! possible 
based on bran ch and stem leaf characteristics using a microscope (x40-x 1 00). 
Terminology follows Marie-Victorin (1995) for vascular plants and Crum and 
Andersen (1979) and Ireland (1982) for bryophytes. 
Testate amoebae analyses were conducted at 4-cm intervals and refined (2-cm 
. intervals) in sections with lower rate of peat accumulation. The analyses were mostly 
restricted to the ombrotrophic section (Sphagnum-dominated) of the core with some 
samples from the fen-bog transition. Subsamples (1 cm3) were extracted and treated 
following standard procedures (Booth, 2011), with addition of Lycopodium spores to 
calculate concentrations. Only the size fraction between 300 and 15 ~tm was analysed. 
A htmdred tests were identified using an optical microscope at 400x magnification 
following the taxonomy ofCharman, Hendon and Woodland (2000) with modifications 
from Booth and Sullivan (2007). Fossil assemblages with Jess than 40 specimens (n=3) 
are shown in the diagrams but were excluded from the WTD reconstruction since they 
may be unreliable. 
Using a transfer funct ion based on 206 modern assemblages (Lamarre et al., 2013), a 
paleo-hydrological reconstruction was carried out with C2 . A weighted average 
tolerance down-weighted (W A-tol) model with classical deslu·inking was used to infer 
past WTDs. This mode! has the best performance statistics in cross-validation for the 
prediction of WTD (r2 = 0.84; RMSEP = 5.28 cm). Sample-specific error ranges for 
the reconstructed WTD were calculated using bootstrapping (1000 cycles). 
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3.2.5 Major and trace elements analyses 
All geochemical sample preparations were performed under clean laboratory 
conditions ( class 1 00) using acid-cleaned labware. About 100 mg of powdered peat 
samples and the < 63-~-tm fraction of sediment samp!es were acid-digested unti! 
complete dissolution, using a series of steps (HN03 + HF, H20 2) in Savillex® beakers 
on a hot plate (Le Roux and De Vleeschouwer, 20 1 0). In a number of samples, an 
additional step involving aqua regia was necessary due to higher organic content. 
Selected major elements concentrations (Al, Ti, Ca, Fe and Na) were measured at 
Ecolab laboratory (Toulouse, France) on a Thermo Electron IRIS Intrepid II ICP-OES. 
Selected trace element measurements (S r, Zr, Sc, Hf, Th, U and REE) were completed 
on an Agilent Technologies 7500ce Q-ICP-MS at Observatoire Midi-Pyrénées in 
Toulouse, France. Prior to ICP-MS analyses, samples were diluted and an In-Re spike 
was added for internai normalisation process. The analytical performance was 
monitored through reference materials NIST 1515 Apple leaves, NIST 1547 Peach 
leaves, NIST 1575a Pine need!es and GBW07604 (GSV-7) Bush branches and leaves. 
Replicate analyses were general! y within 10% of each other. The blanks for al! 
elements considered here are < 0.01 %. 
3.2.6 Nd isotope analyses 
Peat and sediment sam pl es were prepared for Nd isotopes. Between 100 and 600 mg 
of dried peat (1 00 mg for sediments) was placed in oven at 550 oc for 6 h, to remove 
all organic matter by combustion (Chambers, Beilman and Yu, 20 11 ). The resulting 
ashes were acid-digested in a mixture of concentrated I-IN03 and HF. To ensure 
complete dissolution, concentrated HCl was added and samples were evaporated . 
Residues were dissolved into lN HN03 and Nd was purified by a passage tlu·ough two 
sets of colunms. Alkalis ( e.g. Ca, Rb, Sr) and REE were separated by a passage through 
Bio-Rad columns fill ed with preconditioned TRU Spec resin (50-1 00 mesh). A:fter 
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repeated column cleaning using lN HN03, the REE were collected by passing 1.75 ml 
of 0.05N HN03. This solution was directly loaded onto pre-conditioned and pre-
calibi:ated LN Spec© and sequentially eluted using 0.2N HCI. The Nd solutions were 
evaporated and dissolved another ti me in 2% HN03 prior toNd isotopie measmements. 
The Nd isotopie measurements were made on a Nu Plasma II MC-ICP-MS (multi-
collector inductively coupled plasma mass spectrometer) at GEOTOP-UQAM, in 
Montreal, Que bec. Replicate analysis of the JNDi-1 Nd standard (Tanaka et al., 2000) 
every five samples yielded a 143Nd/144Nd value of 0.512084 ± 0.000014 (2a, n = 16). 
Mass fractionation was corrected to 146Nd/144Nd = 0.7219. Epsilon neodymimn (eNd) 
was calculated according to DePaolo and Wasserburg (1976) 
eNd = 144Nd - 1 * 10000 ((
143Nd) ) 
0.512638 
where 0.512638 corresponds to the chondritic uniform reservOir (CHUR) and 
represents present-day average Earth value (Jacobsen and Wasserburg, 1980). 
3.2.7 Statistical analyses 
A principal component analysis (PCA) was performed on the elemental concentrations 
using SPSS 22.0.0 software to help identify the sources and processes affecting the 
distribution of the chemical elements in both peat profiles. The PCA was realised in 
correlation mode on previously log transformed (log10) and standardized (z-scores) 
data to avoid scaling effects, using a varimax rotation which is a fixed orthogonal 
rotation that max imizes the loadings of the variab les on the components (Eriksson et 
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al., 1999). The z-scores were calculated as (Xi-Xavg)/Xstd, where Xi is the variable (i.e. 
concentration of the element), while Xavg and Xstd are the series average and standard 
deviation of ail samples for the variable Xi. Elements with sim ilar records Joad onto 
the same principal component and are most likely controlled by the same 
environmental factors. Hence, the chemical signais tend to be clearer and the 
underlying factors controlling them are more eas ily identified and interpreted. 
Detrended correspondence analysis (DCA) was applied to the fossil dataset to explore 
the testate amoeba associations using CANOCO 5.0 (detrending by segments, down-
weighting of rare species). For the same plll·pose, a PCA was applied to the macrofossil 
dataset. The axis 1 and 2 scores derived from the DCA and the PCA were used in 
combination with testate an1oebae and macrofossil assemblages as weil as inferred 
WTD to define the diagram zones . 
3.2.8 Dust flux 
The rate of deposition of atmospheric dust, i.e. the dust flux, can be calculated using 
the concentration of a lithogenic element, peat bulk density and peat accumulation rate. 
Assuming that "soil dust" contains lithogenic elements in the san1e concentration as 
the Eruih's crust, the concentration of dust is normali zed to the upper continental crust 
(Wedepohl, 1995). The dust accumulation rate, i.e. dust flux, was calculated based on 
the REE concentrations in the bulk sru11ples using the fo llovving formula (Shotyk et al. , 
2002): 
Dust flux (g m-2 a-1) = [2:REE]samp1J [ l:REE]ucc x bulk density x PAR x 10000 
where [l:REE]sample is the swn of REE concentrations in a san1ple, [2:REE]ucc is the 
sum of REE concentrations in the upper continental crust (144.3 ug g- 1; Wedepohl, 




The suppotied, w1supported 210Pb activities and the CRS-modelled ages for LG2 core 
are presented in Table 3.1 while the range of calibrated radiocarbon ages are presented 
in Table 3.2. Peat accumulation started around 7080 cal a BP (Fig. 3.2; Table 3.2), 
which is in good agreement with another core collected on the same peatland, for which 
an age of 7010 cal a BP was obtained (Beaulieu-Audy et al. , 2009). Clu·onology shows 
a relatively rapid rate of peat accumulation during the first 700 years with a mean of 
0.8 (± 0.02) nun a- 1 • Between 3040 and 840 cal a BP, mean peat accwmllation rate is 
around 0.5 mm a- 1• From 840 cal a BP, peat accumulation rates decrease to reach their 
lowest values between 640 and 150 cal a BP with a mean value of 0.2 nu11 a- 1• In the 
upper 26 cm, the accwnulation rates are much higher and correspond to the acrotelm, 
characterized by fresh w1decomposed peat and living mosses. 
3.3.2 Bulk density and ash content 
The density of the peat in the LG2 core ranges between 0.04 to 0.25 g cm-3 (Fig. 3.3). 
The ash content varies between 0.04 and 12%. In the lower peat section (below 250 
cm) the ash content decreases progressively towards the top of the section along with 
the density (minerotrophic section). The density remains relatively stable between 250 
and 130 cm, while it oscillates between 0.08 and 0.2 g cm-3 higher in the core. 
Similarly, ash content remains low above 250 cm with the exception of the top 40 cm, 
where two peaks are fou nd ( 40-20 cm and 5-cm of depth). 
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3.3.3 Ecohydrological reconstruction and ordination of the fossil assemblages 
The results of the plant macrofossil and testate amoeba analyses are presented in Figure 
3.4. The main featu res of the identified zones are described in Table 3.3. Stratigraphie 
analyses show that brown mosses and herbaceous species stat·ted accumulating at ca. 
7080 ca l a BP (zone 1). The top of the zone ( 4400 cal a BP) is characterized by the 
presence of Sphagnum section Cuspidata and severa! species of testate amoebae of 
which Amphitrema wrightianum, Centropyxis aculeata, C. platystoma, Heleopera 
sphagni are dominant in certain layers. From 249 cm to 132 cm (zone 2: 4400-2700 cal 
a BP), S. fuscum dominates the macrofossil assemblages while testate amoebae are 
dominated by A. jlavum. From 2700 cal a BP (zone 3), WTD show a greater variability 
driven by a grea ter number of tes tate amoeba species in the assemblages (A . jlavum, A. 
muscorum, Amphilrema wrightianum and Difflugia pristis) , while the macrofossil 
assemblages remain stable with a dominance of S. fuscum. This trend is accentuated 
between 1470 cal a BP and 1930AD (zones 4, 5 and 6) tlu·ough severa! shifts in testate 
amoeba (Hyalosphenia subjlava, Arce/la disco ides, Difflugia pristis and D. pulex) and 
macrofossil (S. fuscum, Herbaceae, UOM, charcoals) assemblages. Well-preserved S. 
fuscum accumulated since 193 0AD, while Nebela militaris and Hyalosphenia elegans 
constitute the main species in the testate amoeba assemblages. 
Results of the DCA on the testate amoeba assemblages and PCA on plant macrofossils 
are presented in figure 3.5. The DCA shows a relatively good separation of testate 
amoeba species (Fig. 3.5a). The ordination along axis 1 reveals a distinction between 
species from zone 1 (higher values) on the right and those from the other zones ftuiher 
on the left (lower values). Species such as Arcella discoïdes, Hyalosphenia subjlava, 
Dffflugia pristis and D. pu/ex display lower values (left end) of the axis while 
Centropyxis acu/eata, C. cassis, C. platystoma and Heleopera petricola show higher 
values (right end). Axis 1 is taken to represent the distinction between the 
minerotrophic (right end) and ombrotrophic parts of the LG2 core (see DCA axis 1 in 
Fig. 3.4). The ordination along axis 2 shows that species found in zones 4 and 6 (mostly 
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Arcella discoides and Hyalosphenia subjlava) have higher values (top end) while 
species found in samples close to the surface (Nebela militaris, Euglypha rotunda, E. 
strigosa, E. turberculata and Hyalosphenia elegans) display lower values (bottom 
end). With the exception of N. militaris and H. elegans, the presence of those species 
is usually < 5%. The species found at the top end of axis 2, namely A. disco ides and H. 
subjlava, are often found in combination in fossi l samples and were associated with 
periods of high decadal to centennial hydroclimatic variability (Magnan and Garneau, 
2014; Sullivan and Booth, 20 11). 
The PCA ordination of the plant macrofossil assemblages (Fig. 3.5b) shows a similar 
pattern as the testate amoebae, i.e. species from the deeper sections of the core 
(Herbaceae, brown mosses) show positive values on axis f and species from other 
zones (Sphagnumfuscum, S. capillifolium and ligneous remains) have negative values 
(Fig. 3 .5). Hence, as for the testa te amoebae ordination, axis 1 re presents the separation 
between ombrotrophic and minerotrophic sections of the core. 
3. 3 .4 Elemental concentrations and prin ci pal com ponent anal y ses 
The REE displ ay very similar concentration profiles to Al and Ti in the LG2 core (Fig. 
3.3). Lanthanum is reported as light REE, Sm as middle REE and Yb as heavy REE. 
"Peaks" in REE and lithogenic element (Al and Ti) concentrations are observed at ca. 
6050-5650, 3750-3050, 265 0-1750, 1450-1050 and 700 to -27 cal a BP. The REE/Ti 
ratio displays va lues greater than 10 before 6750 cal a BP. Between 6750 and 3750 cal 
a BP, REE/Ti range between 4 and 10, while they decrease to values of one to two from 
ca. 3500 cal a BP towards the top of the core .. 
The results of the principal component analysis are shown in Figure 3.6. Three 
principal components, explaining 93% of the variance, were extracted from the 
geochemical dataset. The first principal component (PC1) accounts for 70% of the total 
------------------------------
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variance and includes REE, Y, U, Th, Zr, Ti and Al. The second component (PC2) 
ex plains 14% of the total variance and comprises Sr, Ca and Na. PC3 explains 9% of 
the total variance and includes Pb. 
3.3.5 Grain size 
The grain-size distribution ofLG2 samples are presented in Figme 3.7. Silts dominate 
(2-63 ~un) but sand particles (> 63 ~Lm) are also present throughout the core, while ela ys 
(< 2 ~un) are only found in certain levels covering the last 3000 years. From the bottom 
of the core to ca. 5000 cal a BP, the grain-size distribution displays a high variability 
with median grain size between 6 and 20 ~m. An increase in grain size up to 80 ~mis 
observed between 325 and 331 cm (5890-5750 cal a BP). From 4800 to 2500 cal a BP, 
the median grain size ranges between 12 and 16.6 ~m. Other peaks in grain size are 
found ar01md 2100 cal a BP, between 1430 and 1150 cal a BP (up to 58 ~m) and from 
260 cal a BP to 1977 AD. Between those peaks, grain size distribution is dominated by 
:fine si lts. 
3.3.6 Dust flux 
The dust flux ranges between 0.12 and 2.5 g m-2 a-1 over the last 4000 years (Fig. 3.7). 
The samples older than 4000 years also show high values. However, this period 
corresponds to the fen section, which receives both atmospheric and lateral (i.e 
streams/sur:ficial weathering) mineral inputs. The dust flux in the ombrotrophic section 
can be divided into five periods of increased dust deposition. From 4000-3 300 cal a 
BP, the dust flux increases to reach maxima of 1.9 g cm-2 a- 1 and 1.7 g cm-2 a- 1 at 3800 
and 3400 cal a BP respectively. Between 2650 and 2000 cal a BP, the average dust flux 
is around 1.7 g cm-2 a-1 and reaches 2.3 g cm-2 a- 1 at 2200 cal a BP. Another dust peak 
is observed from 1600 to 1000 cal a BP with values up to 1.2 g cm-2 a- 1, while a slight 
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increase of the dust flux to 1.0 g cm-2 a- 1 is found between 800-600 cal a BP. Finally, a 
sharp increase in dust fluxes is observed from 25 cal a BP (1925AD) to the present-day 
with values up to 18.4 g cm-2 a- 1 in 1986AD. Between these periods of increased dust 
deposition, the dust flux values range between 0.1 and 0.4 g cm-2 a- 1• 
3.3.7 Nd Isotopes 
The LG2 eNd signatures display a large spectrum from -37 to -1 2 (Table 3.4 and Fig. 
3. 7), with some temporal trends. Peat samples between 7000 and 4100 cal a BP have a 
eNd ranging between -36 and -29 with an excursion of -22 corresponding with a dust 
peak at 5800 ca! a BP. From'4100 to 1500 cal~ BP, eNd increases gradually from -29 
to -14. The eNd values are more stable between 1500 and 25 cal a BP ranging between 
-1 5 and -1 2. From 1975AD to the present-day, eNd samples display values from -27 to 
-1 9. Sediments fro m the bottom of the core have a eNd of -37, while the Sakami 
moraine samp!es have a signatme of -25 and some littoral sands a value of -27. 
3.4 Discussion 
3.4. 1 Major processes controlling the geochemical signal 
A PCA was realized in order to reduce the dimension of the geochemical dataset and 
explain as much variability as possible with fewer components (Jo lliffe, 2002; 
Reimam1 et al. , 2008) . This allows the identification of variables (i.e. chemical 
elements) with similar behavior and likely to be controlled by the same processes. PC1 
di splays high positive Joading factors with alllithogenic elements (Y, REE, U, Th, Hf, 
Zr, Ti, and Al) (Fig. 3.6) . The fact that REE load on the same PC as other lithogenic 
elements, known for thei r conservative nature such as Ti and Al, confirms that REE 
are immobile in the peat column as suggested in Krachler et al. (2003) and Aubert et 
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al. (2006). Since all lithogenic elements are associated with PC1 , they reflects the 
mineral content of the peat from dust deposition, probably derived from soi! erosion. 
The principal component analysis extracted a second component, PC2, which is 
considered to represent diagenetic processes as it is linked to Ca, rand Na which are 
known to be mobile in peat-(Shotyk, 1997; Steinmann and Shotyk, 1997). PC2 will not 
be discussed further as it does not provide any information about dust deposition or 
sources. A third component was extracted by the PCA and displays hi gh loading factor 
for Pb. Lead has a history of anthropogenic use and is known to be emitted as by-
product of human activities. Hence, PC3 is taken to represent pollution and will also 
not be further be discussed. 
3.4.2 Dust source 
With the exception of a sample with a value of -22, the minerotrophic samples have 
much more negative eNd values (-29 to -36) than the ombrotrophic section (-12 to -20) 
(Fig. 3.7a). The eNd values of the minerotrophic section are in agreement with the 
range of local sources identified. Effectively, the marine sediments from the bottom of 
the core have yielded eNd values of -37, while samples from the Sakami moraine and 
littoral sands collected in the vicinity of the study site have values of -26 and -27 
respectively (Table 3.4). Hence, the minerotrophic section represents a mixture 
between partiel es from local som ces su ch as the bottom sediments and the Sakami 
moraine which is located about 500 m east of the study ite. 
Sample from the ombrotrophic section (younger th an 4100 cal a BP) display a distinct 
isotopie signature (Fig 3.7a) . The graduai increase in e d values between 4100 and 
1500 cal a BP (Fig 3.7a), suggests a decreasing proportion of particles from local 
sources is deposited onto LG2 bog. No local or regional source with a signatme similar 
to these late Holocene samples has been identified. Either this means that the dust 
deposüed at the smface of the LG2 bog cames from a more distal source or that a 
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mixture of somces contribute to the dust signal. The relative stability of the êNd 
signature and the REE/Ti (Fig. 3.4) in the ombrotrophic samples over the last 1500 
years suggests that dust comes from a single source. The dust somce could also be local 
in origin since, fo r example, moraine are high ly heterogeneous in nature and bence, 
could have a highly variable êNd signature. The return to more negative êNd values (-
19 to -27) in the most recent samples suggests that local sources have contributed to 
the dust supply onto the LG2 bog over the Jas t 25 years. This can be expl ained by the 
recent antlu·opogenic activities in the region. The James Bay road (800 m from the 
coring site) and a series of hydro-power dams were built in the region during late 
1970' s and 1980's, which most likely released large amounts of dustin the atmosphere 
locally. 
3.4.3 Paleoecological succession 
Macrofossil analyses reveal that the LG2 core was dominated by minerotrophic 
conditions before 4400 cal a BP. Herbaceae, brown mosses (Scorpidium sco1pioides 
and Calliergon giganteum), Sphagnum lere and Myrica gale, ail species indicative of 
minerotrophic conditions, dominate the assemblages in zone 1, while Sphagnum 
fuscum appears in the assemblages from 4400-2700 cal a BP (zone 2; Fig. 3.4). The 
timing of the fen to bog transition is more recent than another core collected on the 
san1e peatland (5500 cal a BP; Beaulieu-Audy et al. , 2009). The dominance of 
Archerella jlavum and Sphagnum fuscum tlu·oughout zone 2, suggests stable and less 
htm1id conditions than in the previous zone, although conditions remain rather humid 
as shown by the WTD (Fig 3.4). Zone 3 (2700-1470 cal a BP) is characterized by 
unstable hydroclimatic conditions as shown by the frequent changes in WTD and 
testate amoeba assemblages. The high presence of Hyalosphenia subjlava and Arce!! a 
discoïdes in zone 4 (1470-1175 cal a BP) along with the replacement of S. fuscum by 
Herbaceae reveals an important hydrocl imatic change on the site. In fossi l assemblages, 
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A. discoides is often fotmd with dry-indicating spec1es such as H. subjlava and 
associated with periods ofhigh decadal to centennial hydroclimate variability (Magnan 
and Garneau, 2014; Sullivan and Booth, 201 1). The climatic instability is further 
evidenced by the composition of zone 5 and 6. Zone 5 (1125-475 cal a BP) shows a 
return of S. fuscum dominance along with Difflugia prisûs. Zone 6 (475 cal a BP-
1932AD) is dominated by similar assemblages as zone 4, which suggests similar 
condition as tho se reconstructed between 1600 and 1 000 cal a BP, although Herbaceae 
are less present. Finally, zone 8 corresponds roughly to the acrotelm , where a greater 
diversity of testate amoebae species is found. The high presence of Nebela militaris 
suggests contemporaneous "dry" climatic cond itions (WTD: 15 to 25 cm of depth). 
3.4.4 Comparison ofthe LG2 record with documented climatic periods in NE Canada 
The main trends in dust deposition and paleo-hydrology in LG2 core correspond with 
docw11ented climatic periods in NE Canada and over the northern hemisphere. An 
increase in the dust flux reaching 1.8 g m-2 a- 1 is found between 4000 and 3300 ca l a 
BP, while the macrofossil and testate amoeba assemblages indicate rather stable 
conditions in terms of humidity (Fig. 3.4 and 3.7b). Many climatic studies have 
documented a cooler climate starting between 4000 and 3000 cal a BP. Viau et al. 
(2002) reported a widespread cooling throughout North America (Neoglacial cooling) 
starting arow1d 4000 cal a BP in response to decreasing solar insolation (Kutzbach, 
1981 ). Severa! short periods of increased dune activity are reported a 100 km north of 
our study region (Fig. 3.7; Filion, 1984). Regional increases in lake level suggests that 
this period may have been characterized by humid climatic conditions (Miousse, Bhiry 
and Lavoie, 2003 ; Payette and Fi lion, 1993). However, proxies do not agree as whether 
this cooling period was dry or humid . 
Between 2600 and 2000 cal a BP, the dust flux increases to reach values greater than 2 
g m-2 a- 1 at 23 00 cal a BP (Fig. 3.7a). Low water table depths are reconstructed at the 
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stali of the period (2600 cal a BP), while higher WTD are recorded at the end. In other 
peatlands of the James Bay region, dry surface conditions were recorded after 3000 cal 
a BP (van Bellen, Garneau and Booth, 2011). Van Bellen, Garneau and Booth (2011) 
recorded unstable hydroclimatic conditions over the last 3000 years when compared to 
the mid-Holocene (7000-4000 cal a BP). This is in agreement with the LG2 record 
which shows greater variabi lity in the testate amoebae and macrofossil assemblages as 
weil as dust fluxes over the Jast 4000 years. Glacier advances were identified 
worldwide between 3000 and 2300 cal a BP (Grove; 2004). The recorded dust peak 
occurred at the end of a cold period according to Wanner et al. (20 11) and is found at 
the transition to a warm period commonly known as the Roman Warm Period (R WP; 
Viau and Gajewski, 2009; Wang, Surge and Walker, 2013). Viau and Gajewski (2009) 
reconstructed warmer January temperatures in northern Quebec (Fig. 3.7e). Hence, this 
period represents a transition in the climatic conditions from a cold to a warmer period. 
Between 1600 and 1000 cal a BP (Fig. 3.7a), the dust flux displays high values 
(average: 1.62 g m-2 a- 1) at the same time as a change in the testate amoebae and 
macrofossi l assemblages (Fig. 3.4). Dry shifts were observed in other peatlands of the 
region between 1400 and 1000 cal a BP (Loisel and Garneau, 2010; van Bellen, 
Garneau and Booth, 2011) and an increase in dust deposition was also recorded in a 
peat bog from the North Shore of the St. Lawrence Estuary over the same period (1750 
to 1000 cal a BP; Chapter 1). This period corresponds to an increase in sand dunes 
activity, fire events (Filion et al., 1991) and more frequent low lake levels (Payette and 
Filion, 1993) in northem Quebec. A cold period centered around 1550 cal a BP was 
identified in climatic records world-wide (Fig. 3.7; Watmer et al., 2011). The Vanda! 
solar minimum also occurred during this time frat11e. Altogether, these chat1ges point 
to a climatic deterioration with cold and dry conditions. 
While an increase in dust deposition is not visible during most of the Little lee Age 
(LIA) at LG2, a small increase in dust flux (1.0 g m-2 a- 1) is registered between 800 and 
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650 cal a BP (Fig. 3.7a). A WTD drawdown expressed by a dominance of 
Hyalosphenia subjlava and a presence of Arcella discoides is observed. The 
macrofossil assemblages show an increase in the amou nt of Herbaceae remnants (Fig 
3.4) . A dry shift was recorded during this period in the region (Loisel and Garneau, 
2010; van Bellen, Garneau and Booth, 2011), while an increase in dune activity has 
been reported further north during the LIA (Filion, 1984). The timing of the dust peak 
also corresponds with the Wolfe so lar minjmum and the start of a cold event covering 
the LIA (Wanner et al., 2011). In Quebec, permafrost aggradation have been reported 
around 800 and 450-400 cal a BP (Brury and Robert, 2006). Although the dust flux 
shows only a small peak, the observations for this period indicate that the climatic 
conditions were most likely cold and dry. The very low peat accumulation rates during 
this period (0.2 mm a- 1) associated with short growing seasons prevented the 
incorporation of the dust signal. 
3.4.5 Paleoclimatic interpretation of the LG2 dust records 
The main dust deposition and paleohydrological trends and linkages with documented 
mid- to late Holocene climate changes suggest a climatic control on the dust cycle in 
the region. The agreement< between the dust flux and the paleohydrological and 
paleoenvironmental proxies (testate amoebae and macrofossils) as wei l as tl1e 
documented climate changes confirms the increase in dust deposition during cold 
periods. Furthermore, the majority of the studies recorded dry climatic conditions 
during th ose periods (Filion, 1984; Fil ion et al. , 1991 ; Loisel and Garneau, 201 0; van 
Bellen, Garneau and Booth, 2011). 
In north-eastern Canada, climatic cooling is usually associated with the incursion of 
dry Arctic air masses (Carcai ll t and Richard, 2000; Girardin et al., 2004). Such 
incursion of dry and cold air masses reduces snow caver and results in more particles 
available fo r deflation through a greater exposition of the surfaces. Snow caver also 
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influences bog surface wetness (BSW) by controlling frost penetration through the peat 
layers and constitutes an important water supply in spring. Su ch influence of reduced 
snow cover are evidenced by important palsa formation between 1500 and 1000 cal a 
BP and during the LIA a hundred kilometers north of the region (Asselin and Payette, 
2006; Coui llard and Payette, 1985) and permafrost aggradation in the region (Thibault 
and Payette, 2009). 
In LG2, the co-dominance of Hyalo.sphenia subflava (dry optima) and Arce/la 
discoïdes (wet optima) between 1600 and 1000 cal a BP as well as during the LIA, 
suggests high seasonal to ammal hydrological variability (Magnan and Garneau, 2014; 
Sull ivan and Booth, 2011 ; van Bellen, Garneau and Booth, 2011). The occurrence of 
dust peaks during periods of increased hydroclimatic instability is documented on the 
North Shore of the St. Lawrence Estuary (Chapter 1; Pratte, Garneau and De 
Vleeschouwer, In press) as well as in Belgium (De Vleeschouwer et al., 2012), Poland 
(De Vleeschouwer et al., 2009) and South Sweden (de Jong, Schoning and Bjorck, 
2007). The occurrence some dust peaks during solar minima (1 000-1600 and 800-650 
cal a BP) suggests that insolation may also be a controlling factor of the climate 
variability in the region. 
White the fact that the source of the dust deposited over the last 4000 years (Fig. 3.7a) 
cannot be precisely identified prevents the determination of the prevailing wind 
direction, some information can sti ll be extracted. The stable ENd signature suggests 
that no important change in the atmospheric circulation over the region has occmred 
dming this period . However, when looking at the grain-size distribution (Fig. 3.7f), a 
period of stability is notable w1til ca. 2800 cal a BP. Afterwards, the grain-size 
distribution displays greater variability. Such a change in grain-size distribution can 
either be explained by changes in dust source or wind intensity. Since the ENd and 
REE/Ti values (Fig 3.3 and 3.7a) are rather stable in this portion of the core, the latter 
explanation is the most probable. No clear pattern is visible in the timing of the changes 
in pm·ticle grain size. Cetiain peaks in grain size occur at the same time as periods of 
increased dust deposition (1600-1 000 cal a BP), while others are found dming periods 
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of low dust deposition (2600-2000 cal a BP). Further investigation, for exarnple 
tlu·ough mineralogical analyses, is needed to better understand the controlling factor 
underneath these variations in dust deposition. 
3.5 Conclusion 
Elemental concentrations in a 4.1 m long peat section from the LG2 bog, in the James 
Bay lowlands (north-eastern Canada), allow for the reconstruction of variations in dust 
deposition over the late Holocene. Testate amoebae have been used to reconstruct past 
local hydrological conditions, while plant macrofossils were analysed to establish past 
vegetation succession. A principal component analysis showed that REE display the 
san1e hehavior as other conservative lithogenic elements in the peat column (Ti, Al, 
Zr), hence they can be used to reconstruct mineral dust deposition. Several periods of 
increased dust deposition were identified: from 4000-3300 cal a BP, 2600-2000 cal a 
BP, 1600-1000 cal a BP, 800-650 cal a BP and 1960-1990AD. The increase in dust 
deposition between 1960 and 1990AD is linked to human activities. The development 
of a series of hydropower dams in the region in the 1970s likely modified the 
atmospheric dust load in the region. The eNd values show a large variability from -37 
to -12, identifying a !east three somces: local marine sediments, the Sakami moraine 
and another unidentified source likely from a more regional origin. After 4000 cal a 
BP, the contribution of local (marine sediments, Sakarni moraine) dust particles 
decreases in favor of ano ther source. The eNd and REE/Ti signatures remain stable 
from 1500 cal ry BP until1975AD, which suggest that a single source contribute to the 
dust signal. From 1975AD, human activities release local dust with more negative 
signatures in the atmosphere. The occurrence of most dust events with documented 
cold periods and dry/instable ev nts reconstructed from the testate amoebae and 
macrofossil assemblages suggest a link with intrusions of arctic air masses. 
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Figure 3. 1 (a) Location ofthe La Grande region in Quebec, (b) Main geological 
units in the study region and location ofthe LG2 peatland (star) and (c) map of the LG2 
peat bog modified from Laterreur (2008). Colors indicate peat thickness. The red dot 
shows the location of LG2 core, while the black dot corresponds to the location of 
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Figure 3.2 Age-depth models for LG2 core. The gray bands encompass ali 
possible age-depth models whereas the dotted lines represent the 95% confidence 
intervals. Blue symbols indicate calendar age distribution of 14C dates and light blue 
symbols show 210Pb ages derived from the CRS madel. The red dotted line represents 
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Figure 3.3 Bulk density, ash, log !O of Al, Ti, La, Eu and Yb concentrations and 
REE/Ti vs . age. The numbered boxes (1-8) correspond to zones identified in Fig. 3.4. 
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Figure 3.4 Top: summary oftestate amoebae, inferred water table depths (WTD) 
and DCA axis 1 (black) and 2 (grey) . Bottom: plant macrofossil records and PCA axis 
1 (black) and 2 (red) scores for LG2 core. Testate amoebae are expressed as percentage 
values ofthe total counts. Plant macrofossils are expressed as volume percentages and 
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-1.0 Axis 1 (eigenvalue 0.45) 1.0 
Tes tate amoeba taxa 
Ampwn Amphltrema wnghOanum Otfpul Dtfflugta pulex 
Arc ft a Archerella navum Eugrol Euglypha rotunda lype 
Arcart Arce/la artocrea Eugstr Euglypha strigosa lype 
Arccal Arce/la carinus type Eugtub Eugtypha tubercutata lype 
Arcdis Arce/la disco/des type Hel pet Heleopera petricola 
Archem Arce/la hemisphenca Helsph Heleopera sphagni 
Arcvul Arce/la vu/gans Helsyl Heleopera sylvattca 
Assmus Assu/ma muscorum Hyaele Hyaloshenla elegans 
Asssem Assulma seminulum Hyamin Hyalosphenia mmuta 
Bulind Bulinaria indtca Hyapap Hyslosphenia papllio 
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-1.0 Axis 1 1.5 
Macrofossil tau 
Smmos Brown Mosses Plesch Pleurozwm schreberi 
Calgtg Calliergon gtganteum Pohnut Pohlta nutans 
Ch arc Charcoals Seo seo Scorprdium scorp101des 
Cinsty Cmclidium sryggium Sph Sphagnum spp. 
Otes pp Dtcranum spp Sphfus Sphagnum fuscum 
Herb Herbaceae Sphcap Sphagnum captlllfoltum 
Herbrool Herbaceae roots/rootlets Sphten Sphagnum tene/lum 
Herbtis Herbaceae tissu Sphter Sphsgnum teres 
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Li ch Lichens SsecAct Sphagnum seclton Acuttfolta 
Llgn Llgneous SsecCus Sphagnum sect1on Cuspidata 
Ugnlea Ugneous leaves SsecSph Sphagnum sectton Sphagnum 
Cencas Centropyxis cassis type Nebcol Nebels colsris-bohemica type Lignroot Ugneous roots/rootlets UOM Unldentified organic matter 
Ceneco Centropyxis ecornls type Nebcar Nebela carinata Mylano Mylta anomala Warspp Wamstrofia spp. 
Cenpla Centropyxts platystoma Nebgri Nebels griseola type Palsqu Palude/la squarrosa Wood Unidenttfied wood 
Cortn Corythton-Tnnema type Nebmar Nebela marglnsta 
Cryovi Cryptodifflugia oviformis Nebmil Nebela mtlitsris type 
Cycarc Cyclopyxis arcelloides type Nebtln Nebela tincta type 
Oifglo Difflugia globulosa lype Pseful Pseudodifflugta fulva 
Oiftuc Difflugla luc/da type Tnarc Tngonopyxis arcula 
Otfpri Drfflugia pnstts lype Tnmin Tngonopyxts mmuta 
Figure 3.5 DCA ordination of the testate amoebae dataset (a) and PCA 
ordination ofthe macrofossil dataset (b): species (left) and samples (right). 

























































Plot of the importance of each principa l component in explaining the 
variance of the elements of interest (the communality corresponds to the tota l variance 
of an element explained by the extracted components) . 
Figure 3.7 
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a) Dust flux from REE elements (b lue) and eNd values (green); b) 
water table depth reconstruction (WTD; dashed li ne), three point running mean of 
WTD (red li ne) ; c) testate amoebae DCA axis 1 (grey line) and 2 (pale blue line) from 
LG2 core; d) mean ann ual precipitations anomaly (MAP) and e) January temperature 
anomal y (JT A) for nortbern Quebec (Viau et al. , 2009); f) Grain-size distribution from 
LG2 core. LIA: Little lee Age; MWP: Medieval Warm Period; VM: Vanda) Minimum; 
RWP: Roman Warm Period. Cold periods from (Wrumer et al. , 201 1); Periods of 
aeolian activity (Filion, 1984). 
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Table 3. 1 Results of2 10Pb measurements and CRS modelling for the LG2 core 
Sam pie Depth 210Pb Activity 210Pbex activity CRS 210Pb Age Uncertai nty 
(cm) (Bg kg·1) (Bg kg· 1) age (AD2 (ca l a BP) (a) 
LG2 2 1.7 606 593 2009 -59 0.2 
LG2 3 2.9 8 15 802 2002 -52 0.5 
LG2 4 4. 1 73 1 7 18 1996 -46 0.7 
LG2 6 6.5 767 754 1989 -39 1. 1 
LG2 8 8.9 189 176 1987 -37 1.3 
LG2 10 11 .3 11 8 105 1986 -36 1.4 
LG2 12 13.8 333 320 1982 -32 1.5 
LG2 14 16.2 499 486 1972 -22 1.9 
LG2 16 18.8 416 403 1960 -10 2.6 
LG2 18 21.3 29 1 278 1944 6 3.2 
LG2 20 23.8 160 147 1932 18 4 
LG2 22 26.2 11 6 104 19 14 36 5 
LG2 24 28 .5 11 5 103 1867 83 7.5 
LG226 30.9 51 38 
LG2 28 33.3 13 0 
Table 3.2 Results of 14C AMS measurements, calibration and description of 
samples for the LG2 core. 
Sam pi e Depth Labo ra to ry 14C age 2cr range Materia l datcd 
(cm) number (BP) (cal a BP) 
LG2C I 32 38. 1 Gd -4092 542±26 5 17-63 1 phagnwn spp. stems 
LG2C I 36 43.2 GdA-3750 837±27 692-788 Sphagnwn spp. stems 
LG2C I 43 52.7 GdA-4093 995±24 802-960 Sphagnwn spp. stems 
LG2C I 59 72.9 GdA-4094 1376±25 1275 -1 33 1 Sphagnum spp. stems 
LG2C2 109 107.7 GdA-4095 2 187±25 2 129-2308 Sphagnum spp. stems 
LG2C2 144 151.3 GdA-3884 2963±32 3005-32 14 Sphagnum spp. stems 
LG2C2 224 260.6 GdA-3752 4027±3 1 4422-4569 Sphagnum spp. stems 
LG2C2 295 356.3 GdA-3885 5560±34 6296-6403 Sphagnum teres stems 












Zonation details of LG2 core 









High presence of brown mo ses and 1-lerbaceae. Relative! y high 
amounts ofSphagnwn teres. High abundance of Amphitrema 
wrightianum, Centropyxis aculeata and Heleopera sphagni. 
High abundance of A. jlavum, A. mttscorum and S.ji.tscwn. 
Graduai decrea e in A.jlavum and A. muscorum. High presence of 
Amphitrema wrightianum and graduai increase in Difflugia pristis. 
Dominance of S. fuscum w ith occasional peaks in Oicranum spp. 
Dominance of Hyalosphenia subjlava and 1-lerbaceae. H igh presence 
of Arce/la discoides . Presence of charcoal. 
Dominance of Difflugia pristis and S.fuscum. Presence oftwo peaks 
of A.jlavum at both end of the zone. Presence of O. pristis. 
Dominance of H. subjlava. High presence of S.jitscum and 
Herbaceae. Presence of A. discoides, Heleopera sphagnii and 
charcoa l. 
1932AD-present Dominance of S. jitscum, ebe/a militaris and Hya/osphenia 
elegans. 
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Table 3.4 Nd isotopie data and ENd 
Sample Depth 143Ndf144Nd ±2se ENd 
(cm) 
LG2-3 2.9 0. 5 11 640 0.000008 -1 9.5 
LG2-5 5.3 0.5 11 540 0.000009 -2 1.4 
LG2-8 8.9 0.5 11 24 1 0.000009 -27.2 
LG2-I O 11 .3 0.511 344 0.000009 -25 .2 
LG2- 13 15.0 0.5 11592 0.000007 -20.4 
LG2-20 23 .8 0.5 11 922 0.000006 -1 4.0 
LG2-23 27.4 0.511942 0.000005 -1 3.6 
LG2-26 30.9 0.51 1935 0.000008 -1 3.7 
LG2-33 39.4 0.5 11 978 0.000006 -12.9 
LG2-36 43.2 0.5 12008 0.000007 -12.3 
LG2-43 52.7 0.5 120 19 0.000007 -12. 1 
LG2-46 56.6 0.5 12006 0.000007 -12.3 
LG2-48 59.2 0.5 11 959 0.00001 2 - 13.2 
LG2-52 64.3 0.5 11 98 1 0.000007 - 12.8 
LG2-54 66.8 0.5 11 976 0.000005 -1 2.9 
LG2-58 7 1.6 0.51 1905 0.000006 -1 4.3 
LG2-68 84.7 0.51 1877 0.0000 Il -1 4.8 
LG2- 11 7 11 6.3 0.5 11 817 0.000007 -1 6.0 
LG2 -1 42 148.6 0.5 11 587 0.000010 -20.5 
LG2- 167 183.0 0.5 11613 0.000006 -20.0 
LG2-202 23 0.2 0.5 111 24 0.000010 -29.5 
LG2-242 284 .6 0.5 10998 0.000009 -32.0 
LG2-277 33 1.4 0.5 11 470 0.000018 -22.8 
LC2-277 0.511479 0.000011 -22.6 
LG2-307 372.7 0.5 10792 0.000016 -36.0 
LC2-307 0.5108 11 0.0000 /3 -35.6 
LG2-326 397.4 0.5 1073 1 0.0000 I l -37.2 
LC2-326 0.5 10750 0.000009 -36.8 
Sources 
Bottom sed 0.510738 0.000007 -37. 1 
Bottom sed. 0.510740 0.000014 -3 7. 0 
Sakam i-1 0.5 11322 0.0000 12 -25.7 
Sakami- 1 0.51 1327 0.00001 1 -25.6 
RadSed- 12 0.5 11 26 1 0.000008 -26.9 
CONCLUSION 
Cette thèse visait à caractéri ser la variabilité spatiale et temporelle des dépôts holocènes 
de poussières atmosphériques au Québec boréal en lien avec les fluctuations 
climatiques. Trois tombières s'étant développées dans trois contextes climatiques 
différents: Baie-Comeau (boréal maritime), Havre-Saint-Pierre (subarctique maritime) 
et Radisson (subarctique continental) furent échantillonnées. La géochimie 
élémentaire, par le biais des éléments lithogéniques et des terres rares, fut utilisée afin 
de reconstituer les apports de poussières atmosphériques minérales dans les tourbières 
sélectionnées. L' isotopie du néodyme fut combinée aux patrons de terres rares afin de 
mieux cerner l' origine des poussières déposées dans les tombières. Finalement, des 
analyses de macrorestes végétaux, de thécamoebiens et de granulométrie furent 
effectuées dans le bu t d'évaluer le lien entre les changements des dépôts de poussières 
et les variations paléoécologiques et paléoclimatiques au cours de l'Holocène moyen 
et récent. 
1. Reconstruction des dépôts atmosphériques de poussières 
Avant de reconstruire les dépôts de poussières atmosphériques, l' immobilité des terres 
rares dans les sites d'étude sélectiom1és a été démontrée par le biais des analyses par 
composantes principales (ACP; Chapitres 1 et 3). Bien que l'immobilité des terres rares 
dans 1 s profils de tourbe ait préalablement été démontré (Aubet1 et al. , 2006 ; Krachler 
et al., 2003), il est préférable de confirmer leur caractère conservatif au cas par cas afin 
de s'assurer de leur représentativité en tant qu ' indicateurs d'apports de poussières 
atmosphériques. Dans le cas des tourbières du Québec boréal, le fait que les terres rares 
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se trouvent sur la même composante principale que d' autres éléments lithogéniques 
tels que Al, Ti et Zr, dont l' inm1obilité dans les séquences de tourbe a déjà été 
démontrée (Shotyk et al., 2001 ; Weiss et al. , 2002) suggère qu 'elles présentent un 
comportement chimique semblable à ces derniers en contexte tourbeux. 
La reconstruction des flux de poussières atmosphériques par le biais de la somme des 
terres rares a permis d' identifier plusieurs phases d' apports accrus de pouss ières 
atmosphériques. Plus spécifiquement, les tourbières La Grande 2 (Baie James; 53°; 
7]044 ' W) et Baie (Baie-Comeau; 49°04 'N, 68°14 'W) montrent le plus de variations 
dans les flux de poussières, ce qui confi rme leur utilité en tant qu ' archives 
atmosphériques d' apports de particules minérales. Dans le cas de la tourbière IDH 
(Havre-Saint-Pierre; 50°13 ' r, 63 °36'W), cette dernière montre peu de variations de 
flux parmi ses horizons à 1' exception de la période entre 41 00 et 3 700 cal a BP. Le peu 
de variabilité enregistrée est probablement attribuable à l' emplacement du site, ce qui 
sera discuté dans la prochaine section. 
2. Influence du site d' étude 
La sélection du site joue un rôle importan t dans la validité des séquences de tourbe en 
tant qu'archives de poussières atmosphériques. Le cas de la tourbière de l' Île du Havre 
en est un exemple. Les tourbières Baie et LG2 se sont développées sous des conditions 
plus propices à l' enregistrement des apports de poussières. Les effets des variations du 
régime des vents et du climat ont été enregistrées dans ces deux sites en raison de la 
présence de la moraine de Sakami (LG2) et du li ttoral du St-Laurent (Baie) fournissant 
du matériel pouvant faci lement être érodé et transporté. La tourbière Baie est située 
près du littoral et le paysage végétal est ouvert alors que celle de LG2 se trouve à 
environ à 500 m à l' ouest de la moraine de Sakami. Malgré le fait que des plages soient 
localisées près de la tourbières IDH, cette dernière est située à une altitude plus élevée 
---------------~- ----------
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(ait. 31 m.) que les plages (alt.l m.) et elle est protégée par une frange forest ière qui la 
ceinture. Ces éléments constituent de toute évidence des barrières naturelles qui ont 
intercepté une partie des poussières atmosphériqu es atteignant le site. Le rôle de la 
végétation dans l' interception et les dépôts de mercure a déjà été établi (Rydberg et al. , 
2010). Bien que les poussières atmosphériques n'aient pas exactement le même 
comportement que les polluants atmosphériques, une dynamique similaire peut 
expliquer le peu de variabilité emegistré dans le profil lDH. 
3. Sources des poussières atmosphériques 
La source des poussières déposées à la surface des tourbières a pu être précisée à 1' aide 
des isotopes du néodyme et des patrons de terres rares. Dans les trois sites d 'étude, la 
portion minérotrophe, c'est-à-dire celle recevant tant des apports atmosphériques que 
les eaux de ruissellement sur les versants, montrent des valems de ENd distinctes de la 
portion ombrotrophe (Chapitres 2 et 3). Dans les trois cas, la signature isotopique du 
néodyme et les partons de REE de la partie minérotrophe ont permis d'obtenir une 
fourchette de valems en accord avec celles des sources locales (roches et sédiments 
meubles). Ceci s'explique par le fait que les apports de particules ne sont pas 
uniquement atmosphériques, i.e. les tourbières minérotrophes sont aussi affectées par 
des eaux de ruissellement ayant été en contact avec les roches et le substrat minéral 
environnant. Par exemple, les valeurs de ENd de moins de -30 correspondent 
généralement à des roches peu radiogéniques, comme d'anciens cratons. 
Effectivement, la région de La Grande est composée de roches d'âge archéen, donc peu 
radiogéniques (<-20; McCulloch et Wasserburg, 1978), ce qui explique les signatures 
très négatives retrouvées dans certains échantillons de ce site. 
Dans les sections ombrotrophes, couvrant les 4000 à 5000 dernières années, les valeurs 
de ENd deviennent plus positives que dans la section minérotrophe suggérant des 
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apports autres que les sources locales. Le nombre limité de sources identifiées a 
empêché l' identification précise de la ou des source(s) des particules déposées dans les 
différentes tourbières. La similitude des valeurs de eNd pour les sites de Baie et LG2 
entre environ 1700 et 100 cal a BP pourrait signifier qu' ils ont reçu des particules d 'une 
ou des somce(s) commune(s) . Par contre, la présence de roches possédant des valeurs 
semblables à celles de la tourbière Baie suggère plutôt une ou plusieurs sources locales 
ou régionales . De plus, les patrons de terres rares montrent que les somces de 
poussières locales sont relativement importantes pendant la même période, ce qu i 
suggère que les dépôts de poussières ont pu être contrôlés par des processus locaux 
d'origine climatique ou qu ' ils constituent une réponse locale à des processus de plus 
grande échelle. Un échantillonnage plus approfondi des sources potentielles poun·a, 
dans le futur, permettre d ' affiner la signature des sources locales et ainsi déterminer 
laquelle des deux hypothèses est la plus plausible. 
4. Liens entre les pouss ières et le climat régiona l 
Plusieurs études conduites dans l' est et le nord-est du Canada montrent une relative 
stabilité climatique jusqu'à 4000 à 3000 cal a BP alors qu'une plus grande variabilité 
a été enregistrée au cours des 2500 à 2000 dernières années (Fig. C.l ). Cette variabilité 
est visible dans les carottes des tourbières Baie et LG2 lorsque les conditions 
hydrocl imatiques reconstruites à partir de l' analyse des thécamoebiens et les flux de 
poussières sont combinées. Toutes deux montrent des alternances de périodes froides 
et sèches de même que chaudes et humides. Un nombre élevé de reconsti tutions 
climatiques, incluant la présente étude, suggèrent des conditions froides au Petit Âge 
Glaciaire (ca 700-100 cal a BP; (Desponts et Payette, 1993; Fi lion, 1984; Filion et al. , 
199 1; Lo isel et Garneau, 20 1 0; Magnan et Garneau, 20 14; Pratte, Garneau et De 
Vleeschouwer, In press; van Bell en, Garneau et Booth, 20 11 ) ainsi qu'entre 1500 et 
11 00 cal aBP (Filion, 1984; Morin et Payette, 1988; Pratte, Garneau et De 
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Vleeschouwer, sous presse; Viau et Gaj ewski, 2009). Plusieurs de ces mêmes études 
révèlent des cond itions plus chaudes à l' Optimw11 Climatique Médiév~l (ca 1100-800 
cal a BP; Filion, 1984; Hughes et al., 2006; Naulier et al. , 2015 ; Pratte, Garneau et De 
Vleeschouwer, sous presse; Viau et Gajewski , 2009). Pom ce qui est des conditions 
d' humidité, le patron est moins clair et les reconstitutions régionales montrent plus de 
variabilité (Fig. C.l ). Certaines tendances peuvent tout de même être extraites : le Petit 
Âge Glaciaire semble avoir été sec (Desponts et Payette, 1993; Loisel et Garneau, 
2010; van Bellen, Garneau et Booth, 2011 ) et l' Optimum Climatique Médiéval plus 
humide (Fi lion, 1984; F ilion et al. , 1991 ; Ouzilleau Samson, Bhiry et Lavoie, 2010). 
La présence de pics de poussières lors de périodes froides suggère que les flux seraient 
un indicateur de conditions froides et sèches dans l' aire couverte par l' étude. La 
concordance entre les épisodes accrus de dépôts de poussières, la présence 
d'assemblages de thécamoebiens typiques d ' instabilité hydroclimatique et la formation 
de pergélisol (Asselin et Payette, 2006; Coui ll ard et Payette, 1985) dans le nord-est du 
Canada supportent cette hypothèse. Ces conditions froides et sèches ont été liées à 
l' intrusion de masses d 'aiT arctique dans le nord-est du Canada (Carcai llet et Richard, 
2000; Girardin et al., 2004 ), ce qui suggère des changements dans la circulation 
atmosphérique. 
Le fait que les sites de LG2 et Baie montrent des tendances similaires au cours des 
2000 dernières années suggère que les deux régions étaient contrôlées par les mêmes 
processus climatiques. Un contrô le à plus large échelle est révélé par le fait que 
plusieurs périodes d'apports prono ncés de poussières à LG2 (F ig. C.l : II, III et IV) et 
Baie (I, II et Til) coïncident avec des minima solaires (Bond et al. , 2001 ). Cela suggère 
que l' insolationjoue aussi un rôle dans les processus climatiques contrôlant les flux de 
poussières. 
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5. Impact des activités humaines sur le cycle des poussières atmosphériques 
L'augmentation des flu x de poussières atmosphériques au cours de dernières décennies 
dans les trois sites d'études révèle une influence probable des activités humaines sur le 
volume de poussières émis dans chacw1e des régions. L' influence des activités 
humaines telles que la déforestation ou les activités minières sur les flux de poussières 
a déjà été observée principalement en Europe (De Vleeschouwer et al. , 20 12; Pagel et 
al., 20 14), où les populations humaines ont modifié le paysage depuis plusieurs 
millénaires. Les activités hw11aines ont aussi entraîné des changements dans la source 
des poussières. Par exemple, la tourbière LG2 a enregistré un retour vers des valeurs 
de ENd plus négatives au cours des dernières am1ées probablement lié à la construction 
des centrales hydro-électriques dans la région. Ces activités ont favorisé une plus 
grande proportion de poussières de source locale émises dans l'atmosphère. D'une 
façon similaire, un changement dans les valeurs de REE/Ti dans la tourbière IDH a eu 
lieu au même moment que 1' ouverture de la mine de titane à 40 km à 1 ' intérieur des 
terres et de la construction du quai de chargement directement sur la côte située à deux 
kilomètres du site d'étude. 
6. Recommandations et perspectives futures 
Les résultats de cette thèse confirment les reconstructions climatiques qui ont 
précédemment été réa li sées dans le nord du Québec. L'analyse des flux de poussières 
reconstruits par le biais de la géochimie élémentaire représente un outil qui, à notre 
c01maissance, n'a jamais été utilisé en milieu tourbeux dans cette partie de l'Amérique 
du Nord. La thèse a permis d' approfondir significativement les co1maissances sur les 
liens entre le climat et les variations des dépôts de poussières atmosphériques. Les 
do nnées recueillies permettent d'obtenir un premier tableau des facteurs contrôlant ces 
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variations. Cette éhlde ouvre. de nouvelles perspectives dans la compréhension de la 
dynamique hydroclimatique et atmosphérique de la région boréale nord-américaine. 
Les similih1des entre les sites de La Grande 2 et Baie suggèrent que les deux régions 
ont été influencées par des processus climatiques similaires,. du moins au coms des 
2000 dernières années. Il serait donc intéressant d'augmenter le nombre de sites au 
Québec, mais aussi d'étendre la couverture spatiale à d' autTes régions d'Amérique du 
Nord, par exemple en se rapprochant des sources du sud -ouest an1éricain. Afin 
d' atteindre ce but, 1' inclusion d'autres types d'archives telles que les sédiments 
lacustres et les lœss serait nécessaire puisque les tombières sont rares ou même 
absentes dans certaines de ces régions. 
L' étude de la source des particules déposées sm les tourbières sélectiormées a permis 
d' établir que plusieurs sources contribuent au signal isotopique du ENd, dont ceriaines 
n'ont pas été identifiées. L'une des prochaines étapes dans l' étude des poussières 
atmosphériques en Amérique du Nord sera de mieux cerner la source des poussières se 
déposant dans les différentes régions du continent. Pour cela, des analyses isotopiques 
devront être effectuées sur un plus grand nombre de sources potentielles (roches, 
sédiments meubles, loess, etc). Effectivement, en Amérique du Nord les analyses 
isotopiques de sources de poussières se limitent à quelques analyses sur des lœss du 
sud-ouest américain et d'Alaska. De plus, la réali sation d'analyses minéralogiques sur 
les particules déposées dans les tourbières contribuerait à une meilleme identification 
des sources. Finalement, w1e fois ces étapes franchies, il serait intéressant de coupler 
les dormées obtenues avec de la modélisation des trajectoires de vent (i.e. 
backtrajectories). Cela permettrait d'approfondir notre compréhension des processus 
atmosphériques impliqués dans Je cycle des poussières en Amérique du Nord. 
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Comparaison des phases climatiques enregistrées dans les trois sites 
d'études avec celles d 'autres archives du nord du Québec et de l' est du Canada. 
Précipitations annuelles moyennes (P AM) et anomalies de température de juillet (AT J) 
pour le nord du Québec (Viau et Gajewski , 2009); courbe de production de /). 14C 
(Reimer et al. , 2013). Boîtes pointillées : pics de poussières identifiés dans les trois 
sites d' étude. 
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